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Abstract 
The use of wireless networks have been evolving in the last 5 years to many outdoors 
environments, as for instance several rural and forested situations, where, initially, they were not 
supposed to be used. These wireless networks usually work at two ISM frequency bands, 2.4 and 
5.8 GHz, and even in a licensed frequency, such as 3.5 GHz.  
One of the main characteristics of the wireless networks is that both transmitter and receiver 
usually work at the same height, and this is normally low. This situation is typically identified as a 
peer to peer scenario, which seems to be quite different from the classical master-slave scenario, 
where the transmitter is in a predominant position over the receiver. 
Literature contains several papers analyzing the propagation of radio signal through 
vegetation, but they generally focused on the classical master-slave scenario, or the frequency 
band analyzed was very different and results appears to be not valid.  
Thus, the necessity of propagation models under peer to peer conditions to facilitate the 
installation of these wireless networks in these new outdoor environments is greater every day. 
Based on these arguments, this PhD Thesis focuses on the path-loss modeling and short-term 
variation analysis of the signal propagated in four different kind of forests, and two types of 
meadows. Measurements were performed under peer to peer conditions with an antenna height 
below 1.6 meters.  
In this PhD Thesis a complete mathematical model is presented for a system configuration that 
was not usually considered until now. This model not only includes the path-loss evolution with the 
distance between transmitter and receiver, but also defines how the short-term variations are with 
the distance. Furthermore, these studies have been performed the three frequency bands 
previously presented. 
The obtained results were compared with existing models such as the one from the ITU-R, in 
order to justify the research performed in this area. 
Finally, three application examples of these measurement campaigns are presented, including 
the development of a WSN in a vineyard to predict plagues and diseases, the design and test of an 
electronic cowbell for outdoor animal tracking, and the installation of a WSN in a forest for fire 
monitoring and environmental control. 
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Resumen 
En los últimos años, la extensión del uso de redes inalámbricas está siendo tan rápida que las 
nuevas aplicaciones están llegando antes que los modelos de propagación que permitan apoyar 
el despliegue, prediciendo cómo se atenúa la señal con la distancia entre emisor y receptor en 
entornos que anteriormente no se consideraban entre los posibles escenarios para un sistema 
radio.  
Los modelos de propagación de señal radioeléctrica más habituales se centran en esquemas 
maestro-esclavo, donde el transmisor se encuentra varios metros (incluso decenas) por encima 
de la posición típica del receptor. Sin embargo, las nuevas aplicaciones de las redes inalámbricas 
se están orientando cada vez más hacia modelos de igual a igual, en los que tanto el transmisor 
como el receptor se encuentran a la misma altura, generalmente cercana a la estatura media de 
una persona. 
Además de avanzar cada vez más en estos sistemas de igual a igual, las redes inalámbricas ya 
no sólo se usan en entornos domésticos, sino que cada vez más sus usos se extienden a entornos 
al aire libre, sobre todo rurales, bosques y zonas vegetadas en general. 
Las bandas de frecuencia más comúnmente usadas en las redes inalámbricas incluyen dos 
bandas ISM (Industrial, Scientific and Medical), 2.4 y 5.8 GHz, de uso libre, sin licencia, y otra banda 
licenciada, 3.5 GHz. Son muchos los estándares inalámbricos y los sistemas que operan en estas 
bandas, como por ejemplo WiFi, WiMAX, Bluetooth, ZigBee y un largo etcétera. 
Tras realizar un extenso trabajo explorando los modelos de predicción para entornos vegetados, 
se ha detectado un nicho de investigación en sistemas de igual a igual, con antenas a baja 
elevación sobre el nivel del suelo, donde ambos extremos del sistema de radiocomunicación se 
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encuentran inmersos en una zona vegetada, bien sea un bosque bien un entorno rural en general, 
como una pradera o una zona de maleza. Se ha constatado además que tampoco parecen existir 
modelos de propagación bajo estas características para las bandas de frecuencia anteriormente 
mencionadas y, dada la constante proliferación de estos sistemas inalámbricos, la necesidad de 
modelos de predicción que faciliten el despliegue de todo tipo de redes en estas bandas de 
frecuencia es acuciante. 
El objetivo de esta Tesis es, entonces, llenar este hueco, el del análisis de la propagación de igual 
a igual, en entorno vegetados, a las bandas de frecuencia de las redes inalámbricas: 2.4, 3,5 y 5.8 
GHz. 
Estado del arte 
Esta tesis se inicia con un análisis del estado del arte, dividido en tres secciones claramente 
diferenciadas: los estándares inalámbricos en las bandas de frecuencia bajo estudio, los modelos 
de propagación ya existentes para entornos vegetados y, por último, los modelos de propagación 
para sistemas que funcionan bajo un esquema de igual a igual y con baja elevación.  
- Entre los estándares inalámbricos que operan en esta banda se presentan artículos que se 
refieren al uso de WiFi en sus diferentes versiones, Bluetooth, ZigBee o WiMAX. 
- En lo referente a los modelos de propagación para entornos vegetados se incluye una 
revisión de los principales estudios existentes, generalmente centrados en otras bandas de 
frecuencias, o basados en el clásico modelo de comunicación maestro-esclavo. Algunos de 
ellos, como la recomendación ITU-R P 833.7 fueron comparados con los resultados propios 
en el apartado 4.3 de conclusiones.  
- Respecto a los modelos para configuraciones de igual a igual, se presentan tres modelos 
diferentes, aunque sólo dos de ellos proporcionan valores que también se pueden comparar 
con nuestros resultados. Así, si comparación tiene lugar también en el apartado 4.3. 
Campañas de medidas 
Después del estado del arte comienza la primera sección de la Tesis, titulada “Propagación en 
medios de vegetación”. Esta primera sección está dividida en 3 capítulos, que incluyen las 
campañas de medidas, el análisis de los resultados de las mismas para variaciones a largo plazo y, 
por último, los resultados para las variaciones a corto plazo de la señal en los entornos descritos. 
Como primer paso, el capítulo 3 describe los seis entornos en los que se han llevado a cabo las 
campañas de medidas, divididos en cuatro entornos boscosos (pinos, eucaliptos y robles con y sin 
hojas) y dos entornos de vegetación sin árboles (praderas y matorral). 
En el siguiente apartado del capítulo 3 se describen los sistemas transmisor y receptor. El 
transmisor está formado por un generador de señal, capaz de generar tonos a las tres frecuencias 
bajo estudio; y una antena transmisora omnidireccional, que está conectada al transmisor 
mediante un cable RF. El receptor está formado por un analizador de espectro que permite 
almacenar 301 muestras de potencia en cada punto de medida a la frecuencia deseada. La antena 
usada en recepción es igual que la del transmisor. Ambas antenas se montan en trípodes que no 
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solo facilitan la sujeción de la antena, sino que también permiten regular su altura con respecto 
al suelo. 
El último apartado de este capítulo expone los procedimientos de medida llevados a cabo para 
recoger los datos que se analizarán en los siguientes capítulos. Los procedimientos difieren un 
poco en función del entorno a analizar: 
- En los bosques de pinos y eucaliptos se definieron 3 radiales con origen en el transmisor, y 
alejándose de éste. En cada uno de estos radiales se marcaban entre 16 y 24 puntos de 
medida que se hacían coincidir con la ubicación de los propios árboles que formaban el 
bosque. Esta elección tiene una doble intención: por un lado facilitar la repetición de las 
medidas tras marcar los árboles; y por otro lado representar de una forma más fiel lo que 
sería la ubicación final de un dispositivo en un bosque, que probablemente se instalaría en 
un tronco de los existentes. Alrededor de cada uno de estos troncos se almacenaron datos 
de potencia recibida en 4 posiciones diferentes: 0, 90, 180 y 270º, orientando la antena 
receptora siempre hacia el transmisor. Las distancias entre transmisor y receptor 
alcanzaban los 111 metros. 
- El entorno del bosque de robles fue analizado en dos estaciones del año diferentes: invierno 
y verano. El objetivo de este análisis es evaluar la diferencia de atenuación que se producen 
en los bosques de hoja caduca cuando están sin hojas y cuando sus copas están llenas de 
ellas. En este caso se definieron también 3 radiales desde el transmisor, pero con 22 puntos 
cada uno de ellos. En cada uno de estos puntos de medida, que también coinciden con 
ubicaciones de árboles, se recogieron 2 medidas: delante del árbol y detrás del árbol (0º y 
180º). En este entorno no se recogieron las ubicaciones de 90 y 270º, dado que el grosor de 
los troncos de los árboles era muy inferior al de los pinos o los eucaliptos. Las distancias en 
este entorno llegaban a los 115 metros. 
En cada uno de los puntos de medida definidos en los 4 entornos anteriores, se recogieron 301 
muestras de potencia recibida con la ayuda del analizador de espectro funcionando en modo 
“ZERO SPAN”. Las antenas, tanto transmisora como receptora, se instalaron a una altura de 1.6 
metros desde el suelo. Estas medidas se repitieron con el transmisor delante y detrás del tronco 
del árbol donde se había ubicado la antena transmisora, con el fin de analizar las diferencias de 
propagación provocadas por el tronco. 
Para el caso de los prados, los puntos de medida se marcaron con la ayuda de banderas, que 
llegaban a distancias de hasta 150 metros en praderas y sólo 32 metros en matorrales, dada la 
elevada atenuación que sufría la señal en este último entorno. En cada punto de medida se 
analizaron 3 alturas diferentes de transmisor y receptor: 90, 120 y 160 cm, con el fin de evaluar 
las diferencias producidas en la propagación por la altura de las antenas. En el caso de las praderas, 
se almacenaron 301 muestras de potencia en cada uno de los 25 puntos de medida de cada uno 
de los 2 radiales. En cambio, para los matorrales y dada la gran variabilidad de la señal recibida, 
se almacenaron 3010 muestras en cada uno de los 16 puntos de los 2 radiales medidos.  
Con todos los datos de potencia almacenados para los 6 entornos, se ha llevado a cabo un 
análisis de cómo varía la señal con la distancia, o variaciones a largo plazo de la señal; y un análisis 
de la señal a corto plazo. Los dos siguientes apartados muestran un resumen de los resultados 
obtenidos en ambos procesos. 
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Resultados de las variaciones a largo plazo 
Para el análisis a largo plazo se han promediado los 301 valores de potencia recogidos en cada 
punto, y se ha analizado su variación en función de la distancia entre transmisor y receptor. Se ha 
visto que, en el caso de los entornos boscosos, esos valores medios de potencia siguen una 
distribución lineal con la distancia, según la relación indicada en la ecuación (1) 
𝑃 = 𝑃0 − 10 · 𝑛 · log10(𝑑) (1) 
Donde P0 es la potencia de referencia a 1 metro de distancia del transmisor en dBm, n es el 
factor de atenuación con la distancia en unidades naturales, “d” es la distancia entre transmisor y 
receptor y “P”, en dBm, es la potencia media medida a una distancia “d”. 
Realizando un ajuste por mínimos cuadrados de los datos recogidos para cada radial, ángulo 
de recepción y posición del transmisor, se obtienen los parámetros 𝑃0 y n de cada configuración. 
Los resultados obtenidos para los bosques de eucaliptos y pinos, para los ángulos de recepción de 
0, 90 y 270 grados, muestran una semejanza que nos lleva a juntar los datos de estos 3 ángulos, 
con el fin de generalizar el resultado para 4 configuraciones posibles, en función de si el transmisor 
está delante o detrás del árbol transmisor, y de si el receptor está en línea de vista (Line of Sight, 
LoS), o detrás del árbol receptor (180º). Así, obtendremos, para cada entorno boscoso y frecuencia 
un conjunto de 4 valores de “n” y de 𝑃0. La tabla 1 recoge un resumen de estos valores para el 
bosque de pinos y de eucaliptos. Los resultados completos se pueden consultar en el capítulo 4. 



























Rx LoS -39.5 2.89 -47.9 2.69 -49.3 2.04 -55.7 1.97 
Rx 180º -49.5 2.80 -68.0 2.37 -65.7 1.61 -68.1 1.94 
3.5 
Rx LoS -37.2 2.85 -43.5 2.83 -37.0 2.53 -40.9 2.66 
Rx 180º -51.9 2.75 -56.6 3.02 -59.3 1.90 -68.8 2.02 
5.8 
Rx LoS -42.4 2.95 -47.8 2.98 -46.1 2.48 -54.1 2.34 
Rx 180º -60.1 2.70 -78.2 1.96 -62.5 2.14 -71.0 2.11 
(a) (b) 
Figura 1–Análisis conjunto del bosque de eucaliptos, 5.8 GHz, Tx delante, Ángulo Rx LoS 
(a) y 180º (b) 
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La figura 1 muestra dos ejemplos de las regresiones realizadas en el bosque de eucaliptos, a 
5.8 GHz, con el transmisor delante del tronco y el receptor en LoS (a) o 180º (b). Los cuadrados 
negros representan los valores medios de potencia medidos en cada punto, y la recta representa 
la regresión lineal calculada, siguiendo la ecuación (1). 
 
El resto de gráficas y comparativas para todos los entornos se encuentra en la sección 4.2.1. 
Para el caso de los prados y matorrales, la ecuación a usar para la regresión depende de la 
altura de las antenas. En algunos casos es suficiente con una regresión simple, como la indicada 
en la ecuación (1), pero en otros casos, se hace necesaria una doble regresión, como la indicada 
en la ecuación (2). 
𝑃 = 𝑃01 − 10 · 𝑛1 · log10(𝑑) ; 𝑑 < 𝑑𝑏𝑟𝑒𝑎𝑘 
𝑃 = 𝑃02 − 10 · 𝑛2 · log10(𝑑) ; 𝑑 ≥ 𝑑𝑏𝑟𝑒𝑎𝑘 
(2) 
 
De esta forma se obtienen dos valores de potencia de referencia y dos de factor de atenuación 
para cada situación y frecuencia. La figura 2 muestra las dos gráficas obtenidas (a 90 y 120 cm de 
altura) a 2.4 GHz en praderas. 
  
(a) (b) 
Figura 2 –Análisis conjunto en praderas, 2.4 GHz, 90 cm(a) y 120 cm(b) de altura de 
antenas 
 
El resto de gráficas con las regresiones así como los resultados numéricos completos se pueden 
consultar en la sección 4.2.2. 
Como conclusiones de este apartado se presentan diferentes comparativas de atenuación 
entre todos los entornos medidos, así como comparativas con los modelos de propagación ya 
existentes presentados en la literatura previa. Los resultados parecen indicar que los modelos 
publicados previamente suelen sobreestimar la atenuación causada por el entorno, y por lo tanto, 
los rangos de cobertura predichos se reducen drásticamente con respecto a los que se obtuvieron 
en las campañas de medidas realizadas a lo largo de esta Tesis. La comparativa completa de 
resultados puede ser consultada en el apartado 4.3. 
 




Resultados de las variaciones a corto plazo 
Con el fin de complementar el análisis realizado en el capítulo 4, y con la intención de 
perfeccionar las ecuaciones 1 y 2 antes presentadas, se les ha incluido a ambas un término 𝛿(𝑑)/2 
que nos va a permitir tener en cuenta las variaciones que la señal sufre alrededor del valor medio 
que calculamos para realizar la regresión. Esta nueva función 𝛿(𝑑)  define la evolución del 
intervalo de confianza que contiene el 95% de las 301 muestras recogidas (Q95%) o el 50% de las 
mismas (Q50%), en función de qué valor se quiera obtener de margen. 
Del mismo modo que en el caso del análisis a largo plazo, se ha observado una relación lineal 
de los valores de ambos rangos de percentiles con la distancia entre transmisor y receptor, que 
siguen la ecuación 3, donde “a” mide la variación de la dispersión de la señal con la distancia “d” 
en dB/m, y “b” es la dispersión introducida en la señal original. 
𝛿(𝑑) = 𝑎 · 𝑑(𝑚) + 𝑏 (3) 
 
Estos parámetros “a” y “b” fueron obtenidos para cada entorno, configuración del sistema 
(transmisor delante y detrás, receptor LoS o 180º, diferentes alturas de antenas) y frecuencia. Los 
valores se presentan en el apartado 5.2.1 para los bosques y 5.2.2 para las praderas y matorrales. 
Como parte adicional de este estudio a corto plazo se ha intentado evaluar qué función de 
distribución seguían los 301 valores de potencia recogidos en cada punto, y si esta CDF variaba en 
función de los parámetros del sistema. La conclusión de este estudio es que la distribución Weibull 
se ajusta en más del 85% de los casos medidos. Por ello se ha evaluado también cómo varían los 
parámetros de esta función de distribución con la distancia. Así, se han obtenido unas ecuaciones 
que rigen la evolución de estos dos parámetros, el de forma (𝜆) y el de escala (k). Las ecuaciones 
(4) y (5) definen cómo es su evolución con la distancia. 
𝐾[𝑑𝐵𝑚] = 𝐾0[𝑑𝐵𝑚] − 10 · 𝑛𝐾 · log10 𝑑[𝑚] (4) 
𝜆[𝑑𝐵] = 𝜆0[𝑑𝐵] − 𝑛𝜆 · 𝑑[𝑚] (5) 
 
De esta forma se han obtenido los parámetros de estas dos ecuaciones que permiten estimar 
la evolución de los dos parámetros de la distribución Weibull en función de la distancia entre 
transmisor y receptor. Los valores obtenidos se muestran en los apartados 5.2.1 y 5.2.2 para 
bosques y prados respectivamente. 
 
Redes de sensores en viticultura 
Se inicia la sección de aplicaciones de la Tesis con la aplicación de los modelos de propagación 
previamente presentados para la estimación del radio de cobertura de unos nodos del fabricante 
MEMSIC, que operan en la banda de 2.4 GHz. Se realiza una estimación de dicha cobertura, y se 
ubican los nodos a diferentes distancias, con el fin de evaluar si las estimaciones realizadas son o 
no correctas. Las estimaciones se realizaron tomando como base las medidas de praderas y 
matorral, tomando como límite superior en distancia el proporcionado por la ecuación obtenida 
para praderas, y como límite inferior de cobertura, la ecuación obtenida para matorrales.  
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Los nodos fueron instalados en un viñedo de la provincia de Ourense. Cada nodo permite la 
conexión de hasta 4 sensores diferentes, entre los que se encuentran sensores de temperatura y 
humedad ambiente, radiación solar, humedad del suelo, humectación de hojas, contenido de 
agua en el suelo, pluviómetro, etc.  
La arquitectura del sistema se muestra en la figura 3, que contiene los nodos sensores 
desplegados por el viñedo, un nodo coordinador instalado en una caseta con alimentación 
eléctrica. En esta misma caseta se instaló un ordenador portátil que, mediante un modem GPRS, 
permite la retransmisión de los datos recogidos por la red de sensores a un servidor remoto 
ubicado en la Universidad de Vigo. 
 
 
Figura 3-Arquitectura del sistema 
  
Con la ayuda de los datos recogidos por los sensores, los propietarios del viñedo pueden predecir 
la aparición de plagas como el Mildiú o la Botritis, llevando así a cabo fumigaciones selectivas, con 
el consecuente ahorro de material y mano de obra. Además, la calidad de la uva recogida sería 
superior si el número de fumigaciones se viese reducido. 
 
Propuesta de un cencerro electrónico basado en tecnología 
ZigBee 
Otra de las aplicaciones presentada en esta tesis es la propuesta de creación de un cencerro 
electrónico para animales que pastan en libertad, con las capacidades de medir la temperatura 
corporal del animal que lo porta, el ritmo cardíaco, e incluso facilitar la posición del animal, 
basándonos en una serie de nodos fijos y algoritmos de triangulación. 
Para la propuesta se han empleado los nodos CC2430 de Texas Instruments, basado en ZigBee 
a 2.4 GHz, a los que se pretende conectar un sensor de temperatura corporal como el DS18B20 
de Dallas Semiconductor y un sensor de temperatura y humedad ambiente, como el SHT10 de 
Sensirion. 
Tras la definición de los componentes del cencerro, se presenta el algoritmo de seguimiento 
de los animales. El algoritmo básico triangula la posición de un nodo (nodo ciego) tomando como 




referencia las posiciones conocidas de una serie de nodos referencia (mínimo 3). La estimación de 
distancias entre el nodo ciego y los nodos referencia se realiza mediante la medida de potencia 
recibida (RSSI) que cada uno de los nodos referencia reciben cuando el nodo ciego transmite varios 
mensajes. Estas estimaciones de distancias entre nodos se realizan basándose en la ecuación (1), 
tomando como parámetros 𝑃0 y “n” los obtenidos en la sección I de la Tesis para el entorno bajo 
análisis. Además, los valores de estos parámetros se usan también para conocer de antemano la 
separación máxima que puede haber entre nodos. 
Para mejorar el funcionamiento del algoritmo de posicionamiento se ha definido un filtro 




Figura 4- Camino 1 en el bosque de pinos sin filtro Kalman (a) y con él (b) 
 
El algoritmo de posicionamiento básico y con el filtro Kalman fueron probados en dos entornos 
diferentes: una clase de la Escuela de Ingeniería de Telecomunicación de Vigo, y un bosque de 
pinos cercano. A su vez se probaron posiciones estáticas y dinámicas de los nodos ciegos. La figura 
4 muestra un ejemplo de una prueba dinámica realizada en el bosque de pinos. Las posiciones del 
nodo ciego proporcionadas por el algoritmo de posicionamiento se muestran en azul. Los nodos 
referencia se muestran con círculos negros. La flecha discontinua representa la trayectoria real 
seguida durante la prueba. La figura 4(a) representa los resultados del algoritmo de 
posicionamiento básico, mientras que la 4(b) representa los resultados tras el filtrado Kalman.  
Las conclusiones de estas pruebas muestran que cuanto mayor es la separación entre nodos 
de referencia, la precisión de la localización es más baja. Además, la ubicación de los nodos 
referencia parece afectar también al algoritmo. Por otra parte, para la estimación de la posición y 
la consiguiente localización de animales en movimiento, el filtro Kalman se hace completamente 
necesario, tal y como muestra la figura 4. El error medio de localización logrado es de unos 3-5 
metros, que resulta más que suficiente para localizar una vaca o un caballo. 
Resumen  José Antonio Gay Fernández 
 
ix 
Como colofón a este apartado se muestra una estimación del número de nodos para cubrir 
una hectárea de terreno para cada uno de los entornos analizados. Se incluye además una 
estimación del coste por hectárea en la actualidad y una estimación del mismo a dos años vista. 
 
Despliegue de una red de sensores en un bosque para prevención 
de incendios y control ambiental. 
Esta última aplicación emplea parte de las medidas presentadas en los capítulos anteriores 
para el despliegue de una red de sensores en un bosque de pinos cercano a la Universidad de Vigo. 
La red desplegada está basada en el chip CC2430 de Texas Instruments, que emplea tecnología 
ZigBee a 2.4 GHz. Para complementar las medidas ya realizadas en condiciones de igual a igual 
(que simulan el enlace entre routers (R) y entre routers y motas(ED)), se llevó a cabo una pequeña 
campaña de medidas, pero esta vez en condiciones de maestro-esclavo, de forma que se simulara 
el enlace existente entre el nodo coordinador (C) y los routers y motas existentes en la red. Así, la 
tabla 2 presenta un resumen de las máximas distancias estimadas entre los diferentes 
componentes de la red de sensores, teniendo en cuenta ya las ganancias de sus respectivas 
antenas. 






Coverage range (m) 
Rx LoS Rx 180º 
Mean Mean 
I-LoS 
C-R 9 95 65 
C-ED 7 85 55 
II-Tx Front 
R-R 4 52 25 
R-ED 2 45 22 
II-Tx Back 
R-R 4 34 8 
R-ED 2 28 6 
 
Basándonos en esta tabla 2 de rangos máximos de cobertura, se desplegaron en el bosque un 
total de 1 coordinador, 4 routers y 9 motas. Posteriormente al despliegue, se realizó una 
comprobación entre las potencias que se habían estimado y las que realmente se medían con la 
red, quedando demostrada la validez del modelo de propagación propuesto. 
La parte final de este capítulo incluye una serie de recomendaciones para futuros despliegues 
de redes de sensores en bosques, además de incluirse una figura que estima la cobertura de un 
router en función de la posición en la que esté ubicado en torno al tronco del árbol. Con la ayuda 
de esta figura se realiza además una estimación del número de routers que serían necesarios para 
cubrir un bosque de 30.000 metros cuadrados, y el resultado es que cada router sería capaz de 
cubrir un área de cerca de 3000 metros cuadrados. 
 
 





Como remate de la tesis, en el capítulo 9 de la memoria se exponen las principales conclusiones. 
En dicho capítulo además se pueden consultar todas las publicaciones relacionadas con la tesis 
que se han llevado a cabo a lo largo de estos años. 
- El bosque de pinos presenta una atenuación con la distancia superior a la del bosque de 
eucaliptos. 
- Los efectos del follaje en el bosque de robles parecen ser prácticamente nulos a la 
frecuencia de 3.5 GHz. Sin embargo, los factores de atenuación sí son mayores en verano 
para las otras dos bandas de frecuencia. 
- La atenuación sufrida por la señal en praderas está muy cercana a las pérdidas por espacio 
libre. Sin embargo, en el caso de matorrales, la atenuación sufre una doble pendiente, y se 
hace mucho más pronunciada a unos pocos metros del transmisor. 
Las principales contribuciones de esta tesis se enuncian a continuación: 
1- Medidas de atenuación y caracterización en condiciones de igual a igual para seis 
diferentes entornos vegetados. 
2- Ajuste matemático para modelar la propagación radio dentro de bosques y prados en 
función de la distancia y la frecuencia. 
3- Definición de la distribución Weibull como la CDF que mejor se ajusta a los datos recogidos 
en estos entornos vegetados. Además, se ha obtenido la evolución de los parámetros de 
forma (𝜆) y escala (k) de dicha distribución con la distancia. 
4- Puesto que hay cerca de un 15% de los puntos muestreados que no se ajustan a una 
distribución Weibull, se ha llevado a cabo un análisis de corto plazo alternativo que 
permite evaluar cómo la señal se dispersa a medida que se alejan transmisor y receptor. 
Se han definido los rangos entre percentiles Q95% y Q50% y se ha modelado cómo su 
valor se incrementa a medida que nos alejamos del transmisor. 
5- Despliegue de una red de sensores en un viñedo, con la ayuda de los resultados de la 
sección I. Se han usado las medidas de atenuación con la distancia para estimar la máxima 
distancia entre nodos de la red y después, estos valores han sido comprobados con la 
ayuda de medidas de RSSI proporcionadas por la propia red. De esta forma, las ecuaciones 
que definen las máximas distancias entre nodos en viñedos son una nueva contribución 
de esta tesis. 
6- Validación de un cencerro electrónico con la capacidad de medir parámetros vitales como 
la temperatura corporal de animales o parámetros ambientales, con la función adicional 
de localización y seguimiento de animales en exteriores es otra de las contribuciones de 
esta tesis. Además, el algoritmo de posicionamiento ha sido mejorado mediante la 
adaptación de un filtro Kalman a ambientes exteriores. 
7- Finalmente, mediante el uso de las ecuaciones de la sección I, se ha estimado la máxima 
distancia entre nodos para el despliegue de una red en un bosque con el fin de predecir 
incendios o simplemente monitorizar el medioambiente. Como contribución final, el 
capítulo 8 incluye algunas recomendaciones para futuros despliegues de redes de 
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This chapter aims to introduce the motivations to develop this PhD Thesis, titled “Peer to peer 
propagation in vegetation media”, as well as to depict the structure of the volume. The 





At the present time, wireless networks are evolving and growing exponentially. Initially, 
wireless networks were used for indoor applications such as WiFi systems or personal 
communications, like Bluetooth. However, in the last five years, the use of these wireless networks 
has been extended towards many other outdoor environments and applications, in order, for 
instance, to give WiFi coverage to some rural environments, or to deploy wireless sensor networks 
(WSN) in forested and rural locations. The common characteristics of all these wireless systems 
are: 
- Wireless systems usually work on ISM bands, such as 2.4 or 5.8 GHz, because they are 
internationally unlicensed, and it ensures system compatibilities. Working at these frequency 
bands it can be found WiFi systems, Bluetooth or diverse WSNs. Furthermore, the 3.5 GHz band 
is usually employed by other licensed systems, like WiMAX.  




- Both transmitter and receiver usually work at low antenna heights, with the transmitter pretty 
close to the receiver. They do not usually work with largely elevated base stations, as mobile 
systems do. 
- New application environments are founded every day, and they usually involve outdoor 
location, and more precisely rural and forested environments, where forests and meadows are 
the predominant landscapes. 
Nowadays, there are a lot of propagation models related to vegetated environments, as 
depicted in the state of the art, and even some propagation models involves low height terminals, 
but they are not focused on these wireless network frequency bands, or they analyze some other 
propagation aspects, instead of the path-loss attenuation, which seems to be the most important 
characteristic to determine the range coverage of every single device. 
Thus, the main motivation of these PhD Thesis is to facilitate the extension and deployment of 
wireless networks in rural and forested environments. To do this, several measurement campaigns 
have been deployed to determine how the propagation signal is, including long and short term 
analysis. With the aid of these measurements, path-loss modelling has been performed for every 
single environment, and the short-term variations modelled to predict in a better way how the 





The Thesis is organized into nine chapters, as described in following paragraphs. 
After this introduction, the chapter 2 presents a state of the art. This chapter performs a 
drawing of the various research attempts in topics related to that under study: wireless networks, 
radio wave propagation in vegetation media, including both measurements and models, and peer 
to peer propagation studies. The aim of such chapter is to focus the current research state in the 
topic and to highlight the gap this Thesis intends to cover. 
Then, two sections are presented: section I focused on propagation in vegetation media, and 
section II, on applications of WSN in rural and vegetation scenarios. 
The first section starts with the chapter 3, which presents the six environments under study, as 
well as the equipment setup and the measurement description. The measurement procedures for 
each environment are also detailed.  
The next chapter in this section I is chapter 4, which enunciates the proposed path loss 
attenuation model. It also explains the way the data has been processed, by means of a 
mathematical law that looks for obtaining the power decay with distance. Furthermore, the long-
term propagation model adjustments that result from data processing are also presented, 




showing separately woodlands and meadow data. Various tables are presented for each 
environment, showing the propagation parameters for this configuration. 
Chapter 5 analyses the short-term propagation model, completing the path-loss equation 
presented in chapter 4. Furthermore, a probability density function analysis is presented in this 
chapter in order to complete the short-term variation investigation.  
After chapter 5, the second section of this investigation, applications of WSN in rural and 
forestry environments, starts with chapter 6, with a simple application of the analysis presented 
in chapter 4 and 5 to the viticulture, by installing a WSN in a vineyard. 
After that, the following chapter (chapter 7) focuses on a proposal of an electronic cowbell 
based on ZigBee technology. This chapter not only evaluates the propagation performance of the 
aim, but also the algorithm for the location of the free-running animals is presented.  
The last chapter of section II, chapter 8, illustrates an example of a deployment of a WSN in a 
forest for fire monitoring and environmental control. This chapter analyses the maximum 
distances between WSN nodes based on data presented in chapters 4 and 5. Furthermore, a WSN 
has been deployed in order to check these estimated distances.  
Finally, chapter 9 includes the conclusions of this research, along with comments on all the 
conference and journal papers as well as book chapters published as outcomes of the research 
work of this PhD Thesis. 
  








































Nowadays, the proliferation of the wireless networks is continuously increasing. The 
environments where they are installed are varied and very different. We are observing more and 
more new environments, but also their applications grow exponentially. 
This chapter contains a brief comment of the different wireless network standards, as well as 
a review of the various researches done for allowing the installation of such systems in different 
environments and for a variety of applications. 
Section 2.1 is devoted of wireless network standards working in the frequency bands under 
analysis: 2.4, 3.5 and 5.8 GHz.  
The review of the most relevant propagation models for vegetated environments is the topic 
of section 2.2 
Finally, section 2.3 includes a review of the peer to peer and low height propagation 
measurement analysis and propagation models founded in the literature. 
 
2.1 Wireless Networks 
In the last 15 years, wireless networks have been evolving in many different aspects. Since the 
first American Wireless Fidelity standard, IEEE 802.11 (1997) which works in the Industrial, 
Scientific and Medical band (ISM) 2.4 GHz, up to one of the most recent, IEEE802.11n, which is 
intended to work also at 2.4 GHz and 5.8 GHz (ISM bands again), a good number of wireless 
network protocols work within these two spectrum bands, as presented by (Johnson & Barton, 
1996) and (LaMaire, et.al., 1996). Furthermore, these bands have something in common: both are 




unlicensed. However, some other wireless network IEEE standards, such as IEEE 802.16-WiMAX, 
use license bands, such as 3.5 GHz, as presented in (802.16.2-2004, 2004), although they may also 
work at ISM 5.8 GHz band as (Abichar, Yanlin, & Chang, 2006) has introduced. 
According to (Levin, 2011) the 3.5 GHz band was more commonly used to solve the last mile 
issue. However, nowadays, these wireless network bands have extended their usability. For 
instance, at 5.8 GHz, WiMAX coexists with traditional WiFi networks as (Joe, et.al., 2007) and 
(Bararia, Ghandeharizadeh, and Kapadia, 2004) indicate. Furthermore, the 2.4 GHz ISM band is 
almost everywhere full of different services: Bluetooth (Garroppo, et.al., 2011) and IEEE 802.15.4 
(Low Rate Personal Area Networks) (Gay-Fernandez, et.al, 2010) among others. Many of the new 
services in this band are focused in a special WPAN: wireless sensor networks (WSN) (Stankovic, 
2008).  
A WSN involves an undetermined number of independent nodes which are able to manage 
various sensors measuring many different environmental variables, such as temperature, 
humidity, solar radiation, etc. Each one of these nodes gathers different sensor data, which 
collected information is then sent to a node called “coordinator”. The wireless link among nodes 
is usually done at 2.4 GHz (Tu, et.al., 2010), although they can also work at 868 MHz (Wong, 2007). 
When deploying large WSNs there is a necessity of join them altogether in order to retransmit the 
collected data to a central server (Yu, Wei, & Fenge, 2010). These backhaul links among WSNs may 
be done, for instance, by WiFi technology or even by WiMAX point to point links. References by 
(Sikora & Groza, 2005) and (Mahalin, et.al., 2009) analyze some issues on the coexistence of IEEE 
802.15.4 networks and IEEE 802.11 systems at 2.4 GHz. Thus, 3.5 GHz WiMAX or 5.8 GHz WiFi links 
will be preferred.  
WSN deployments were initially focused on indoor environments, such as industrial control as 
indicated by (Egan, 2005) or medical applications, as reflected in (Timmons & Scanlon, 2004). 
However, their use as sensor/actuator networks in rural areas and forests is continuously 
increasing. The main problem of these outdoor deployments, as those presented along this 
memory, is the maximum reachable distance between two neighboring nodes, which usually 
depends on the environment itself. Then, a difference in the environmental conditions would lead 
to completely different results. Concretely, the research results provided by this PhD Thesis are 
focused on six different rural environments: four kinds of forests and two different meadows. All 
the environments under study lay in a wet area with Atlantic clime, and their locations are quite 
close to the University of Vigo campus, in Galicia, North Western Spain. The study includes a pine 
tree forest, young specimen deciduous oak tree woodland (summer and winter conditions), 
eucalyptus forestry, grassland and a scrubland. 
Within these six environments, up to three different wireless network frequencies have been 
taken into account by means of several propagation campaigns in order to analyze the behavior 
of the radio channel at the bands usually assigned to wireless networks: 2.4, 3.5 and 5.8 GHz. 
The main objective of this research is to model the radio channel knowing the behavior of 
attenuation with distance, its dependence on the environment and the frequency of the wireless 
network to be deployed, as for instance a WSN ZigBee network, WiFi 802.11a, WiFi 802.11b/g/n, 
WiMAX, etc. 




2.2 Propagation models and 
measurements for vegetated 
environments 
 
Radio propagation in vegetated environments has been always present in the scientific 
community. (LaGrone, 1961) presents in his paper the results of a large measurement campaign, 
at 2880 MHz with vertically-polarized signals over wooded areas. This paper focuses on the 
influence of the elevation angle between transmitter and receiver, but the effects of one isolated 
tree and many trees are reported too. Two different kind of forest were analyzed in this paper: a 
mixed scrub, oak and cedar forest, with a tree mean height of around 20 feet tall, and a pine tree 
forest, with 50-60 feet tall specimens. Both of them have been examined under the classical 
master-slave scenario, where the transmitter is usually located higher than the receiver. 
Furthermore, this paper emphasizes on the diffraction effects caused by the tree height and the 
low elevation angle under analysis. Regarding the analysis of a single tree, this paper presents an 
absorption and diffraction study of a single tree, based on (McPetrie & Ford, 1946). Several 
measurements have been performed at different tree heights, and the investigation shows a 
mean attenuation around 0.18 dB/foot (i.e. 0.59 dB/m), with an initial value of 9 dB in the 
thickness part of the foliage. Finally, the conclusions of this paper include that the signal strength 
received behind a group of trees varies with the elevation angle between transmitter and receiver, 
and time-variations have been determined as relative low frequency. 
Related to propagation measurements and modelling in vegetation media, (Johnson & 
Schwering, 1985) present a technical report that includes a theory of millimetric wave (mm-wave) 
propagation, including frequencies between 9.6, 28.8 and 57.6 GHz. Although the bands analyzed 
in this report are much higher than the ones presented in this Thesis, the analysis performed 
seems to be important, and it may be mentioned as an innovation. The experiments were 
executed in a regularly planted orchard of pecan trees, with the aim of approximate a statistically 
homogeneous vegetation medium. Both antennas were located at the same height, at 1, 4 and 6 
meters from the floor, but the transmitter was located around 300 m far from the first row of 
trees, outside the plantation. The transmitter antenna had a 10º beamwidth and the receiver one 
presents a 4º and 1.2 º beamwidth at 9.6 GHz and mm-wave frequency bands. The same forest 
has been studied under summer and winter conditions, in order to evaluate the foliage effect. 
Once the transmitter was located outside the orchard, the receiver was pointed, in LoS with the 
transmitter, and ±15º in azimuth and ±10º in elevation were scanned. Measurement campaign 
outcomes are presented for the different azimuth and elevation receiving angles for the three 
frequency bands, but only for the four and six antenna heights. Thus, the path between 
transmitter and receiver was obstructed by the tree canopies, due to the mean tree heights 
(around 10m). Results show that leaves seem to have strong effect attenuation on mm waves, 
and the attenuation increases with frequency, although the effect is less important in the mm 
wave region. Furthermore, another important conclusion is that the mm wave attenuation rate in 
forests decreases from a high value at small vegetation depths to a much smaller value at large 
depth. But this relation seems to be not the same at the lower frequency band under analysis. The 




research concludes that the very high attenuation rate measured at short distances into woods 
needs to be analyzed, which is one of the goals of the present PhD work. 
Other kind of studies, such as the one presented in (Richter, et.al., 2005), need from such 
amount of environment features that the prediction of the signal attenuation seems to be more 
complicated than developing a new measurement campaign. This paper focuses on the 
decomposition of the received signal strength into three different components: the scattered one, 
called through; the signal coming from a ground reflection; and the diffracted signal, which is 
divided in side and top diffracted components. After that decomposition, authors may estimate a 
total signal attenuation for each frequency under analysis, and they have compared their 
estimations with the ones performed by the ITU-R 833.3 recommendation. Although they seem 
to reduce the RMS error value up to 3 dB compared with the ITU-R, the prediction function 
appears to underestimate the global attenuation while the ITU recommendation overestimates 
it. 
The radiative energy theory (RET) is usually employed to model the propagation through 
vegetation, but the frequency bands are typically over 10 GHz, as for instance in (Fernandes, et.al., 
2007). RET equation depends on three parameters, which are the extinction coefficient, which 
specifies the attenuation induced by absorption and scattering mechanisms; the scattering 
coefficient, which represents the scattered energy; and the phased function, which depends on 
the directions of the energy entering and emanating from each scattered volume. The amount of 
different measurements needed to obtain the RET input parameters for every scenario, convert 
this model in something very complicated to simply predict signal losses, so simpler models need 
to be obtained, as proposed in this Thesis.  
Close to our frequency bands, for instance at the 3.5 GHz band, most of the studies involves 
master-slave scenarios, usually related to WiMAX systems. For instance, in (Imperatore, Salvadori, 
& Chlamtac, 2007) an extensive measurement campaign at the 3.5 GHz band is presented and 
path-loss modelled. In these measurements, the transmitter was located at a fixed location, 
mounted on a tower, with an unknown height, but much higher than the receiver height. Thus, 
the receiver was mounted on a mast, and the antenna height may vary between 2 and 10 meters. 
After gathering all the measurements, three different propagation models are presented: the 
general model, which is in fact the same used in this research, with the main difference on the 
random distributed variable modelling the shadow fading; the IEEE 802.16 SUI model, which is 
usually employed for BS antenna heights between 10 to 80 meters; and the Cost 231- Hata model, 
which works fine for distances larger than 1 km from the transmitter. 
In addition to this previous paper, (Chee, Torrico & Kurner, 2013) present a propagation 
prediction model in vegetated residential areas, which is focused on a frequency band from 0.5 to 
3.5 GHz. These residential areas were composed by rows of trees and houses. The transmitting 
antenna was located at the rooftop level, and the receiving antenna was positioned at two 
different heights: at the roof level and 2 meter over the ground level. In the first scenario 
propagation takes place over the rooftops and through the canopy of the trees (multiscreen 
diffraction). Furthermore, in the second scenario, with the receiving antenna at the street level, 
another additional propagation component appears, namely the rooftop to street diffraction. So, 
the total propagation loss might be expressed with three components, adding to the previous two 




the free space loss component. After developing this model, several measurement campaigns 
were developed at 825 and 3500 MHz, in order to evaluate the performance of the model. Thus, 
three different routes were analyzed, and the error results compared with the COST 231 model. 
Improvements between 2 to 6 dB on the prediction error were obtained comparing the COST 231 
model to the model proposed by Chee, Torrico and Kurner under NLoS conditions at 3.5 GHz.  
Furthermore, a new prediction model and several measurement campaigns have been 
introduced in (Chee, et. al, 2012) at 2300 MHz frequency band in vegetated moderated built areas. 
The proposed model is based on the COST231 model for UHF propagation and the tree scattering 
model from Foldy-Lax, which has been previously analyzed by (Torrico, Bertoni & Lang, 1998). 
Chee analyzes this frequency band by means of a master slave configuration in a vegetated built 
area, where the receiver was located on a vehicle (1.6 m above the ground), driving at a maximum 
speed of 20 km/h, and the transmitter was at 18 m above the ground. This classical master-slave 
configuration offers a propagation path via multiple screen diffraction over the rooftops based on 
the COST231 model. The scattering involves the leaves and branches from the tree canopies when 
the wavelength is comparable to their sizes. Results comparing the predictions model developed 
and the measurement campaigns show a prediction error between 3 and 4 dB, with a standard 
deviation between 4 and 5.5 dB. Although the new prediction model shows improvements 
compared to COST231 model, the propagation under peer to peer conditions seems to be quite 
different, and indeed, the presented model does not appear to be adequate.  
The attenuation produced by a single tree, and the foliage effect have been analyzed by 
(Benzair, 1995). This paper presents an extensive measurement campaign developed along the 
shadow of a mature deciduous tree in summer and winter in order to evaluate the influence of 
the foliage in the signal attenuation. Frequencies between 1 and 4 GHz in 500MHz step were 
analyzed, and both transmitter and receiver antennas were vertically and horizontally polarized. 
So, three different attenuations were analyzed for each measurement point: the direct line of 
sight between transmitter and receiver, without the tree canopy in the middle; the line of sight 
obstructed by the tree canopy under winter conditions, when there is no leaf at the propagation 
path level; and finally, the same path was analyzed under summer conditions, when the canopy 
was full of leaves. Results provided by this analysis show a general equation for the attenuation 
induced by a single tree for different reception angles between transmitter and receiver. This 
equation allows the user to evaluate the excess path loss of propagating a signal through a canopy 
tree by means of the frequency, and the depth the signal propagates through the canopy. The 
article concludes that summer attenuation seems to be larger than that obtained under winter 
conditions, probably because in summer there is a considerable amount of water on the leaves, 
and this provides additional attenuation effects. 
In addition to the previous work, initially (Perras & Bouchard, 2002) and after that (Cheffena & 
Ekman, 2008) analyzed the dynamic effects of the vegetation on radio wave propagation at 2.45, 
5.25, 29 and 60 GHz. The initial work by Perras and Bouchard focuses on the foliage effect in three 
master slave scenarios: a deciduous tree scenario, which has been analyzed with and without 
foliage; and a coniferous tree scenario. Both, the transmitter and the receiver were located at 
fixed locations, and the radio link, along with the wind speed, has been recorded in order to 
evaluate the performance of every scenario. Thus, the mean excess attenuation has been 




estimated as 22 and 39 dB for the scenario with leaves at 2.45 and 5.25 GHz respectively. 
Furthermore, the results obtained for the no leaves scenario was 15 and 9 dB at 2.45 and 5.25 
GHz respectively. These data illustrates some influence on the attenuation due to the foliage, and 
according to the paper conclusions, it depends on the size of the leaves, and their matches with 
the wavelength of the transmitted signal. In addition to this, the PDF analysis shows that both log-
normal and extreme value distributions fit quite well the attenuation in dB. The second paper, by 
Cheffena and Ekman, presents a new model, based on Perras and Bouchard measurements that 
can be used for simulating signal fading due to a swaying tree. 
(ITU , 2012) presents a new model for the attenuation in vegetation. According to this 
recommendation, the different conditions and types of foliage causes difficulties when developing 
a generalized prediction procedure. This recommendation provides two prediction models 
depending on the kind of propagation path. We will focus in the obstruction by woodlands chapter 
and mainly in the section “terrestrial path with one terminal in woodland”, despite of our 
terminals were both inside the forest. 
This recommendation allows the user to estimate the additional loss due to vegetation, based 
on two parameters: 
- The specific attenuation rate (dB/m) caused by scattering of energy out of the radio path; 
- The maximum total additional attenuation produced by the vegetation in a radio path (dB) 
as limited by the effect of other mechanisms including surface wave propagation over the 
top of the vegetation medium and forward scatter within it. 
Figure 2.1 depicts the radio path considered in this recommendation, where the transmitter is 
outside the woodland and the receiver is located at a distance, d, within it. Thus, the excess 
attenuation, 𝐴𝑒𝑣 , caused by the presence of the vegetation can be estimated with the aid of 
equation 2.1. 





- d: length of path within woodland (m); 
- 𝛾: specific attenuation for very short vegetative paths(dB/m); 
- 𝐴𝑚: maximum attenuation for one terminal within a specific type and depth of 
vegetation (dB). 
 
Figure 2.1 Representative radio path in woodland 
 
Figure 2.2 represents the meaning of these parameters to better understand them. 





Figure 2.2 Meaning of equation (2.1) parameters 
 
It should be remarked that excess attenuation, 𝐴𝑒𝑣, has been defined as excess to all other 
attenuation mechanisms. For instances, the free space loss needs to be added to the 𝐴𝑒𝑣 term in 
order to get the total attenuation in a path. The specific attenuation value,  𝛾 (dB/m), depends on 
the species and density of the vegetation. Figure 2.3 presents approximate values of this 
parameter for both vertical and horizontal system polarizations as a function of frequency. Data 
from this figure have been derived from various measurements over the frequency range 30 MHz 
to about 30 GHz in woodland. For frequencies below 1 GHz vertically polarized signals appear to 
suffer higher attenuation than horizontally polarized ones, probably due to scattering from tree-
trunks.  
It should be noticed that attenuation due to vegetation usually varies widely because if the 
irregular nature of this medium and the wide range of species, densities, and water content. Thus, 
values shown in figure 2.3 should be viewed as only typical. 
Furthermore, at frequencies around 1 GHz, the specific attenuation through trees in leaf 
appears to be about 20% larger (dB/m) than for leafless trees. There may also exist variations of 
the attenuation caused by the movement of the foliage, for instance, due to wind. 
Regarding the maximum attenuation, 𝐴𝑚, it is limited by scattering from the surface wave, 
and it depends on the species and density of the vegetation, plus the antenna pattern of the 
terminal within the vegetation and the vertical distance between the antenna and the top of the 
vegetation. The way this parameter is estimated is based on several measurement campaigns 
developed in Brazil, France and Russia. Equation (2.2) presents the general equation for estimating 
𝐴𝑚 based on these measurement experiments. 





Figure 2.3 Specific attenuation (𝜸)due to woodland 
 
𝐴𝑚 = 𝐴1 · 𝑓
𝛼  (2.2) 
In equation (2.2) f is the frequency in MHz, 𝐴1 is the maximum attenuation in dB for 𝛼 =
0, and 𝛼 is the frequency attenuation factor, in natural units. 
The main problem of this propagation model is that it is usually employed to estimate the 
excess attenuation for distances between transmitter and receiver over 100 meters to 7 km, 
which is not the aim of our research. In our analysis, the transmitter and the receiver were 
separated from 1 up to 150 meters. These distances appear to be enough to get the reception 
limits (where the transmitted signal cannot be distinguished from the noise) at the three 
frequency bands under analysis. Despite this problem, we have tried to compare results 
provided by this recommendation with the ones obtained in our research. Outcomes are 
presented in section 4.3 for the three frequencies under analysis.  
In addition to this, and considering that the recommendation establishes large differences 
in the equation 2.1 parameters depending on the woodland under analysis, we have tried to 
fit our data to equation 2.1, and the obtained results appear not to validate this model for 
these specific peer to peer low-height propagation conditions. Perhaps the main problem, as 
mentioned before, is the short distance between transmitter and receiver. The 




recommendation, according to figure 2.2, supposes a constant excess attenuation after a 
distance d, and we have checked that, at the distances under analysis, the excess attenuation 
increases as the distance between transmitter and receiver does. This point is going to be 
developed in section 4.3 
 
2.3 Propagation models and 
measurements for peer to peer 
conditions 
 
In 1982, (Weissberger, 1982) proposed the Weissberger’s Modified Exponential Decay Model 
to predict the excess attenuation caused by dense, dry trees full of leaves up to distances of 400m 
depth. The application of this model seems to be valid when the propagation occurs through the 
body of the trees, with both transmitter and receiver at similar heights (i.e. peer to peer 
configuration) instead of by diffraction over the top of the trees (Master Slave scenario). This 
model seems to be valid for frequencies between 230 MHz and 95 GHz. Based on various 
measurement campaigns, including frequencies such as 230 MHz, 400 MHz and 9.4, 16.2, 35 and 
95 GHz, data gathered were fitted by means of the least-squares method, obtaining the equations: 
𝐿𝑊 = {
1.33 · 𝑓0.284 · 𝑑𝑓
0.588       14 ≤ 𝑑𝑓 ≤ 400




LW=the losses due to foliage in dB 
f= the frequency, in GHz. 
df= the depth of the trees, in meters. 
Since this model provides the excess attenuation induced by the tree foliage, the free space 
attenuation needs to be added for every distance, in order to evaluate the whole system 
attenuation, ignoring antenna gains. In section 4.3 a comparison between this prediction model 
and the outcomes obtained in our research will be presented. 
(Hendrickson, et.al. 1999) have developed some work related to wideband peer to peer 
propagation analysis at wireless systems frequency bands. Their study was focused on the VHF 
and L-band, including frequencies such as 40.7, 386.95 and 1814.0 MHz. Although the analysis was 
centered on peer to peer (P2P) propagation, they dedicated the paper to the effect of the 
buildings when a soldier tries to communicate with their colleagues by using their walkie-talkies. 
No model is presented and just a path loss measurement is offered, along with the attenuation 
excess induced by the proximity to the buildings or the soldier motion.  




Another peer to peer wave propagation studies has been presented in (Patwari, et.al., 1999). 
In this case, low antenna heights (1.7m) have been used at both transmitter and receiver sides to 
measure the power delay spectrums, and the path loss attenuation between 22 different 
transmitter and receiver positions. The path loss has been fitted according to an equation similar 
to that used in our research (equation 4.3). Thus, the path loss exponent presented is 2.8, with a 
standard deviation of 9.5 dB. This value cannot be compared with anyone from our measurement 
campaign, since the environment under analysis has not been described in the paper. 
In 2011, (Konstantinou, et.al., 2011) presented a new model for propagation between low 
height terminals. They have analyzed antenna heights between 0.5 and 3 meters, and frequencies 
between 420 and 2020 MHz, including all the mobiles services frequency bands. Measurements 
were developed in urban and suburban environments under non-static conditions. Based on these 
measurements, three propagation models were estimated. The first one is valid for short 
distances between transmitter and receiver (d<200m), with both sides in LoS. Based on these 
premises, one single and one double slope models were developed. Thus, equation 2.2 represents 
the LoS-single slope model, and equation 2.3 denotes the LoS-double slope model. 
𝐿𝐾𝐿𝑜𝑆 = 29.0 + 𝑓 · log(𝑓𝑐) + 10 · 𝑛 · log(𝑑) − 194 · log(ℎ𝑀) + 𝐶 (2.2) 
In equation (2.2), log indicates logarithm on base 10, 𝑛 = 3.16 − 2,15 · log (ℎ𝐵), 𝑓 = 63.3 ·
log(ℎ𝑀) and C=4.13 dB for dense urban or 0.97 for suburban or urban. 
𝐿𝐾 = {
−77.6 + 10 · 𝑛1 · log(𝑑) + 40.9 · log(𝑓𝑐)     𝑑 < 𝑥𝑏
−77.6 + 10 · 𝑛1 · log(𝑥𝑏) + 10 · 𝑛2 · log (
𝑑
𝑥𝑏
) + 39.6 · log(𝑓𝑐) + 𝐶   𝑥𝑏 ≤ 𝑑
} (2.3) 
 




) · (ℎ𝐵 − ℎ0)(ℎ𝑀 − ℎ0) , ℎ0 = 0.861𝑚 and C=4.63 dB for dense urban, or C=1.09 for 
suburban and urban environments. 
Finally, Konstantinuo presents an NLoS model, based on equation 2.4.  
𝐿𝐾𝑁𝐿𝑜𝑆 = −80.9 + 𝑓 · log(𝑓𝑐) + 10 · 𝑛 · log(𝑑) − 107 · log(ℎ𝐵) − 43.4
· log(ℎ𝑀) + 𝐶 
(2.4) 
 
Where 𝑓 = 29.8 − 15.5 · log(ℎ𝐵) + 6.12 · log(ℎ𝑀) , 𝑛 = 4.54 − 2.66 · log(ℎ𝐵) + 0.954 ·
log(ℎ𝑀) and C= 3.44 dB for dense urban and 0.809 dB for urban and suburban environments.  
The performance of these three models is compared with the data gathered in our research in 
section 4.3. 
Lately, some other analyses have been performed under peer to peer conditions. For instance, 
(Matolak & Apaza, 2012) presented path loss measurements under peer to peer conditions in the 
VHF band. Their study focuses on the 118 to 136.975 MHz frequency and the path loss modelling 




equation is quite similar to the one proposed in our research, although the uncertainty of the 
measurements were modelled with a Gaussian random variable, instead of a Weibull, as depicted 
in chapter 5 of this Thesis. Regarding long term results, they seem not to be comparable with 
those presented in our reseach because of the different frequency band, but they helped in the 
data processing. 
After reviewing a large amount of propagation models and path loss modeling papers, we have 
found that it seems to be a lack in the peer to peer outdoor propagation analysis, and this lack 
appears to be larger at wireless network frequency bands. These were the main reasons for 
developing this research. Thus, we are going to present a path-loss modeling for rural and wooded 
environments, with the long term variation propagation parameters. Furthermore, a short term 
variation analysis will be presented too. After that, some applications of these path loss modeling 
will be introduced, including viticulture, animal tracking, forest fire prediction and environmental 
control. 
Summary 
According to the state of the art presented in previous sections, we have detected that it seems 
to exist a lack on the propagation analysis at wireless network frequency bands when both, 
transmitter and receiver antennas are located at low height (Peer to peer conditions) instead of 
the classical communication scheme (master-slave) in rural and forested environments. 
Furthermore we have concluded that existing models appear not to fit well the propagation 
conditions where this PhD Thesis is focused, and this is the main aim of this research, to fill the 
gap detected in these frequency bands, in order to facilitate future wireless network deployments 
































































Six measurement campaigns were developed from October 2009 to July 2010 in order to 
evaluate how the received signal varies with the distance between transmitter and receiver. All 
the environments under study lay in a wet area with Atlantic clime, and their locations are quite 
close to the University of Vigo campus, in Galicia, North Western Spain. 
These six campaigns involve two kinds of scenarios. On one hand, three different kinds of 
typical Galician forests have been analyzed in order to get the performance of these forested 
scenarios, included deciduous species in both Summer and Winter time. On the other hand, two 
meadow scenarios have been included in this analysis, one of them involving a low height 
vegetation field and the other one concerning a high height vegetation scrubland.  
These two different kinds of environments require a different procedure of gathering power 
data. Thus, although the equipment is very similar for both scenarios, the approach the data were 
collected was not so analogous. 
Following subsections present the environments where the campaigns were carried out, the 
equipment employed and the set-up procedure, and finally the measurement procedures defined 
to gather all the data. 
  




3.1 Environments under Study 
 
Up to six different environments have been analyzed in this research. They have been initially 
divided in woodlands and meadows. Three kinds of forests have been taken into account: pine 
tree, eucalyptus tree, and a deciduous oak tree forest. Furthermore, this last woodland has been 
studied in two different seasons: summer, with the canopies full of leaves, and Winter, without 
any foliage, completing four forest scenarios. As far as meadows are concern, grasslands and 
scrublands have been also studied. The following subsections describe each one of these 
environments. 
 




Three different kinds of forests are going to be presented in this subsection: pine, eucalyptus 
and oak trees. Figure 3.1 shows the location of these three forests, all of them near the University 
of Vigo buildings.  
 
3.1.1.1 Pine Tree Forest 
 
The first woodland included in this study was composed essentially by pine trees from the specie 
Pinus pinaster and family Pinaceae. This specimen range covers from north Spain and Portugal to 
southern and western France. Furthermore, it usually grows too in Italy and Morocco.  










Figure 3.2-Pine tree forest (aerial view) 
 
Although the height of these trees is usually from 20 to 35 m, the canopy only occupies the last 
20% of the total height, and it is usually irregular and open. The trunk diameter is usually of up to 




Figure 3.3-Pine tree forest (ground view) 
 
Since our study focuses on the peer to peer low height propagation, the path between the 
transmitter and the receiver seems to be affected only by the tree trunks and the surrounding 
vegetation.  
The selected pine tree environment was located at 42º 10’ 28.76’’ N and 8º 41’ 8.93’’W, with 
an average altitude of 500 meters over the sea. The surface of this woodland is around 7000 
square meters. The considered forest surrounds a communication installation (including a cellular 
phone base station and a radio link structure) as can be observed in figure 3.2, but the frequencies 
involved did not interfere with those used along our research.  
Getting deep inside this woodland, some other features need to be mentioned. For instance, 
the tree density has been estimated as 0.079 pine trees per square meter, and the mean diameter 




of the trunks were determined as 32 cm. Furthermore, the height of the vegetation under the 
trees (shrubbery, grass, etc.) has been measured in more than 40 points, reaching an average 
value of 93 cm. Figure 3.3 (a and b) shows some ground view of this environment, where different 
pine trees could be observed along with their surrounding vegetation. 
 
3.1.1.2 Eucalyptus Tree Forest 
 
The second kind of woodland was composed basically of eucalyptus from the specie Eucalyptus 
globulus. This evergreen tree is native to Australia, and is widely cultivated all around the world. 
In Spain, this specimen is very typical in Galician country and the Cantabrian coast, where the 
climate seems to be very favorable for their growing.  
These trees usually reach a height from 30 to 55 meters, although they may grow up to 70 meters 
depending on the environment. The diameter of their trunks could be up to 2 meters under 
favorable conditions, and the tree canopies are present only on the top of the tree trunk. 
 
 
Figure 3.4-Eucalyptus tree forest (Aerial view) 
 
The same way as in section 3.1.1.1, and due to the height of this kind of trees, the radio 
propagation path in this peer to peer research is going to be affected only by the eucalyptus tree 
trunks and the low height vegetation but not by their canopies or leaves. 
The eucalyptus tree forest chosen for this analysis was near the University campus, located at 
42°9'31.95"N and 8°40'31.94"W. The average altitude over the sea was around 410 meters. The 
area of this terrain was close to 30,000 square meters. Figure 3.4 depicts an aerial view of this 
forest. 




Some other characteristics of this environment are the tree density, which has been calculated 
as 0.044 eucalyptuses per square meter; the average diameter of the tree trunks, with a value 
around 44 cm; and the surrounding vegetation height, with an average value of 71cm. Figure 3.5 




Figure 3.5-Eucalyptus tree forest (ground view) 
 
3.1.1.3 Oak Tree Forest 
 
The last woodland that has been analyzed involves a deciduous oak tree forest from the specie 
Quercus robur. This deciduous specimen is native to most of Europe, and is usually cultivated as 
an ornamental tree in the temperate regions of most continents, as Galician country is. 
 
 
Figure 3.6- Oak tree forest (Aerial view) 
 




The oak tree scenario selected for this research was located at 42°10'19.70"N and 
8°41'14.93"W, with a mean altitude value of 465 meters over the sea level. The total area of this 
terrain was approximately 8,500 square meters. Figure 3.6 presents an aerial view of this forestry.  
The same woodland has been analyzed into two different seasons, in order to check the 
influence of the foliage in the radio propagation channel. Figure 3.7 shows this environment in 




Figure 3.7-Oak tree forest (ground view) 
 
Although oak tree usually reaches a height from 25 to 35 meters, the environment under 
analysis presents young specimens, so they were between 3 and 10 meters tall. The same occurs 
with the tree trunks. Although they are generally thick, in this environment, the tree trunks are 
very thin and quite short. The mean diameter of the tree trunks is only 7.6 cm. The tree canopies 
are usually rounded or irregular and occupy 50% of the total height. The leaves appear to be from 
7 to 12 cm long, with a mean value around 9.6 cm. Due to this tree shape and the antenna heights, 
the radio propagation path is going to be under the influence of both the tree trunks and the 
canopies (leaves).  
In addition to these data, the tree density of this forest has been estimated as 0.062 oak trees 




Two different meadow environments have been studied in this section of the research work in 
order to evaluate the influence of the height of the vegetation: grasslands and scrublands. 











The first environment involves low height grassland composed basically of grass and weeds. It 
was located close to the University of Vigo installations, exactly at 42°10'21.43"N and   
8°41'6.54"W, with an average altitude of 485 meters. The complete area under study covers about 
22,500 square meters. Figure 3.8 presents an aerial view of this grassland environment.  
 
 
Figure 3.8-Grassland environment (aerial view) 
 
In addition to this information, figure 3.9 (a and b) shows some details of this environment at 




Figure 3.9-Grassland environment (ground view) 
 






The second meadow analyzed was a scrubland, located 10 km far from the University of Vigo 
campus. It was a suburban zone, with quite big parcels and houses in almost in each one of them, 
as shown in figure 3.10. The exact coordinates for this environment are 42° 13' 8.58"N and 
8°40'17.02"W, and the average altitude is 160 meters over the sea level. The total area of this 
zone includes 600 square meters. 
 
 




Figure 3.11-Scrubland environment (ground view) 
 




This meadow environment was mainly composed of undergrowth with a mean height of around 
180 cm, as it could be observed in figure 3.11. Thus, both the transmitter and the receiver were 




Table 3.1 depicts the main parameters for each one of the scenarios that have been analyzed 
in this research. 
 

















Pine  42º10’28.76’’ 8º41’08.93’’ 500 7000 32 0.079 
Eucalyptus  42°09'31.95" 8°40'31.94" 410 30000 44 0.044 
Oak  42°10'19.70” 8°41'14.93" 465 8500 7.6 0.062 
Grassland 42°10'21.43" 8°41'06.54" 485 22500 - - 
Scrubland 42°13'08.58" 8°40'17.02" 160 600 - - 
 
3.2 Measurement equipment and 
set-up 
 
The measurement campaigns have been developed with a separate transmitter and receiver 
configuration, moving this last one along radials which assure the objective: to check the 
dependence of the signal strength with distance.  
Several instruments have been used in these campaigns to build the transmitting and receiving 
systems. They are detailed in the following subsections. 
 
3.2.1. Transmission system 
 
A Rohde-Schwarz SMR-40 signal generator is the core of the transmitter side. This multipurpose 
system is capable to generate pure tones at the frequencies under test: 2.4, 3.5 and 5.8 GHz. 
Although the transmitting powers were different for each frequency, all the results presented 
have been normalized to a transmitted power of 0 dBm in order to easily compare them. The 
generator fed an Electrometrics EM 6865 wide band antenna, a bi-conical dipole design which 
provides omnidirectional radiation pattern in the azimuth plane. The electric power supply of the 
transmitter system was provided by a petrol engineered generator, as the measurement scenarios 
were all far away University buildings or other font of energy. Figure 3.12 shows the transmission 
system. The following subsections present the main characteristics of all these components. 






Figure 3.12- Transmission system 
 
3.2.1.1. The signal generator 
 
The selected signal generator is a SMR-40 model from Rodhe & Schwarz. Figure 3.13 presents 
an image of this equipment. This transmitter has been used to generate a pure tone at the three 
frequencies under analysis, and it has been configured always to the maximum output power 
allowed at each frequency (see table 3.2).  
 
 
Figure 3.13-SMR40 signal generator 
 












3.2.1.2. The antenna 
 
The EM6865 antenna from Electrometrics is the model selected for this research. This antenna 
consists of two brass biconical elements connected point to point to form an hourglass shaped 
antenna element. The center conductor of a rigid coaxial cable is connected to the upper cone, 
while the shield is connected to the lower cone. The cable connects to type “N” (female) connector 
fastened to a phenolic base plate. Figure 3.14 shows an image of this antenna. The main features 
of this antenna are shown in table 3.3. 
 
 
Figure 3.14-EM6865 antenna 
 
Since the radiation patterns of this antenna model are not known for the frequencies under 
analysis, they have been measured in the RadioSystems Group Anechoic Chamber, with the aid of 
remote control software [Varela Seoane, 2011] for the ZVA67 vector network analyzer. Figure 3.15 
presents an image taken during these measurement campaigns.  
 
 




Table 3.3-EM6865 features 
Feature Value 
Frequency range 2GHz-18 GHz 
Polarization Vertical 
Output impedance 50 Ohms, nominal 
VSWR, average <2:1 
Gain 
[dBi] 
@2.4 GHz 1.14  
@3.5 GHz 0.800 
@5.8 GHz 2.20 
Connector Type N, female 
Continuous Power 5W 
Diameter 10.16 cm 
Weight 0.45 kg 
 
 
Figure 3.15-EM6865 radiation pattern measurements 
 
The anechoic chamber was tailored built at the research laboratory of the RadioSystems 
Group, designed by the researchers and installed manually in order to assure its performance fits 
the requirements of the work we do. This anechoic chamber is 6.5 meters length and 2.5 meters 
wide. The isolation has been achieved with 1mm thickness aluminum sheet with an overlapping 
of 50% when installing this sheet. The coating of this aluminum jail was made with pyramidal 
absorbent VHP-12 NRL and VHP-8-NRL from Emerson & Cuming. This coating allows to measure 
frequencies from 500 MHz of up to 24 GHz, with a reflectivity of -25 to -50 dB respectively. Thus, 
this chamber permits to measure devices of up to 1.4 m of diameter at 500 MHz, and 20cm at 
24GHz according to far field conditions. 




Mechanics and control of the positioners were also part of the done work, as well as the 
software needed to manage the installation. This construction was done during the development 
of this doctoral research, with active participation of the author.  
As a result of these measurements, figures 3.16 and 3.17 depict the azimuth and elevation 
radiation patterns of this antenna at 2.4, 3.5 and 5.8 GHz. All these radiation patterns have been 
normalized to 0 dBi.  
 
 
 Figure 3.16- EM6865 antenna azimuth radiation pattern 
 
The elevation radiation pattern presents a minimum around 90 degrees for the three 
frequencies under analysis. Furthermore, the maximum of this radiation pattern is located at 0 
degrees for 3.5 and 5.8 GHz. However, at 2.4 GHz, this maximum is around 40º. Despite this 
deviated maximum angle at 2.4 GHz, the received power seems to be enough for the purpose of 
the measurement campaigns. 
 





Figure 3.17- EM6865 antenna elevation radiation pattern 
 
Regarding the azimuth radiation pattern, 5.8 GHz frequency provides the most uniform 
radiation diagram, with differences below 2 dB between the maximum and the minimum. 
Furthermore, this difference increases up to 6 dB at 2.4 GHz. 
 
3.2.1.3. Other transmission system elements 
 
In addition to these two main elements, other accessories have been included to setup the 
transmitter: an adjustable tripod, an “N” male RG213 cable and a petrol engineered generator. 
Figure 3.18 “a”, “b” and “c” shows these three elements, respectively. 
The tripod used in these campaigns is made by aluminum and plastic and it may be adjusted 
to any height between 60 and 160 cm. This characteristic will be very important at the meadow 
environments. Furthermore, the ball-and-socket joint allows the user to adjust every angle in 
order to correctly align the antennas. 
The RG213 cable is 4 meter length. The attenuation induced by this cable at the frequencies 
under analysis has been obtained with the aid of a spectrum analyzer, and the results are shown 
in table 3.4. These values need to be taken into account along with the antenna gain to estimate 
the total transmitted power at each frequency. 
 






(a) Adjustable tripod (b) “N” male RG213 cable (c) petrol engineered generator 
Figure 3.18-Other transmission system elements 
 
The petrol engineered generator has been used to provide electric energy to the signal 
generator previously presented. It is an inverter digital generator capable to provide a nominal 
power up to 900 W, which results to be enough to feed the signal generator. Furthermore, its 2.7 
liter petrol tank allows the system to work continuously up to 6 hours. 
 









3.2.2. Reception system 
 
The receiver system consists of a Rohde-Schwarz FSH-6 spectrum analyzer fed by another 
omnidirectional antenna, similar to that used at the transmitter end. The electric power supply of 
the analyzer was given by its internal batteries, allowing up to 6 hours of operation. Once the 
transmitted tone was captured, the analyzer was time domain configured, in order to collect time 
series of the received power. Figure 3.19 depicts the whole reception system, with the receiving 
antenna, the tripod and the spectrum analyzer.  
 
3.2.2.1. The spectrum analyzer 
 
A Rohde & Schwarz spectrum analyzer was the equipment selected for the core of the receiving 
system. The selected model has been the FSH-6, which is a portable analyzer and it is able to catch 
frequencies from 100 kHz up to 6 GHz, and it is possible to be operated in time domain mode, 
once selected the central frequency. Figure 3.20 shows the spectrum analyzer. Among its 
characteristics it must be highlighted its portability, flexibility, and easiness to operate. This 
equipment must be configured with the parameters showed in table 3.5. 





Figure 3.19- Reception system 
 
 
Figure 3.20- FSH6 spectrum analyzer 
 
The central frequency must be selected according to the band under analysis. The resolution 
bandwidth has been fixed to 3 kHz in order to reduce the background noise and easily distinguish 
the transmitted tone. The sweep time has been adjusted to accomplish the sampling Nyquist 
criterion [Docampo D., 1998]. According to equation (3.1) and considering that each capture 
contains always 301 power samples, it has been fixed in 50 ms. 
 




Table 3.5- FSH 6 configuration parameters 
Parameter Value 
Central frequency 2.4 GHz 3.5 GHz 5.8 GHz 
Resolution Bandwidth (RBW) 3 kHz 
Video Bandwidth (VBW) 10 kHz 
Sweep time (SWT) 50 ms 




𝑓𝑠 ≥ 2 · Δ𝑓𝑅𝐵𝑊 = 6𝑘𝐻𝑧; 𝑓𝑠 =
301 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
𝑆𝑊𝑇










3.2.2.2. The antenna 
 
The receiver antenna is the same model as the transmitter one, so the comments at 3.2.2.2 
section directly apply here.  
 
3.2.2.3. Other reception system elements 
 
The receiver cable is the same model than the one from the transmitter, but this is shorter (only 
2 meters), so the attenuation induced is not the same at all. Table 3.6 presents the attenuation 
values for this cable at the frequencies of interest. The main reason to use a smaller cable at the 
receiver side is to reduce the attenuation and as a result reducing the noise figure at the receiver 
side. 
 









3.3. Measurement procedures 
 
Although the measurement equipment and set up were the same for all the measurement 
campaigns, the measurement procedures were quite different depending on the environment 
under study. The following subsections present the main properties of each procedure. 
 






The setup begins by placing the transmitter in a fixed location, typically side by side with a tree 
used as a reference and known as “transmitter tree”. Initially, the transmitter was installed with 
line of sight to the receiving radial. Then, the receiver was located to a tree growing on, or close, 
the radial line. Trees along the radials were used as reference for the reception points. Both 
antennas, transmitting and receiving, were installed at 1.6 meter high with the aid of two similar 
tripods. 
 
Figure 3.21 Example of a measurement in a woodland scenario with the transmitter in front 
of the tree (LoS) 
 
Furthermore, up to four measurement points have been selected around each tree in the radial 
line in both eucalyptus and pine tree forests. Figure 3.21 shows these four measurement points 
around each tree. At each one of these points, a register of 301 power samples were collected 
and stored for analyzing the short term variations. Afterward, these samples were averaged to 
obtain a mean received power value for the long term analysis. In the oak tree scenario, the 
receiver was positioned only at 0 and 180 degree positions, because the tree trunks were much 
thinner than at previous environments. 
The receiver was then moved along the defined radial, far from the transmitter, taking 
measurements around different trees at the radial up to reach the noise level: when the received 
signal could not be separated from the background noise.  
Table 3.7 shows the distances in meters from transmitter to the measured receiving points at 
each woodland environment. In addition to this, figures 3.22-3.24 present, respectively, the 




measurement point distributions at oak, eucalyptus and pine tree scenarios. Each one of these 
figures depicts three radials labeled as R1, R2 and R3. This enumeration matches the data from 
table 3.7. The circles at each measurement point represent a proportion of each tree trunk radius. 
The X and Y axis are shown in meters, and the location of the transmitter tree matches the axis 
origin i.e. X=0 and Y=0. 
 
 









Rx R1 R2 R3 R1 R2 R3 R1 R2 R3 
1 6 6 6 2 6 4 4 5 7 
2 7 8 9 5 9 7 6 9 14 
3 10 11 12 8 13 21 13 13 20 
4 12 13 18 13 16 31 12 18 29 
5 15 15 22 26 23 34 14 22 33 
6 17 17 29 30 29 38 18 28 38 
7 20 23 33 32 31 45 25 29 39 
8 32 24 38 36 30 47 28 36 42 
9 40 25 48 40 32 51 31 40 49 
10 47 36 57 55 42 54 39 42 54 
11 56 43 65 63 47 57 43 44 57 
12 68 53 72 67 50 59 49 47 62 
13 81 68 86 71 53 60 56 50 68 
14 88 83 92 78 56 64 60 53 70 
15 96 97 100 62 60 70 71 55 73 
16 105 107 107 80 67 72 76 60 78 
17 - - - 85 72 82 78 64 89 
18 - - - 85 75 95 80 70 91 
19 - - - 89 79 99 84 73 97 
20 - - - 88 80 104 88 76 105 
21 - - - 96 85 108 91 86 109 
22 - - - 100 90 - 94 89 115 
23 - - - 104 102 - - - - 
24 - - - 111 106 - - - - 
 





Figure 3.22- Measurement point distributions at oak tree forest 
 
 
Figure 3.23- Measurement point distributions at Eucalyptus tree forest 





Figure 3.24- Measurement point distributions at pine tree forest 
 
Just after finishing this first stage, this process was repeated at each radial, but with the 
transmitter antenna at the other side of the transmission tree (figure 3.25). Thus, the transmitter 
antenna has no line of sight to the radial under test.  
 
 
Figure 3.25 Example of a measurement in a woodland scenario with the Transmitter behind the tree 
(OLoS). 




These two transmitter locations around the transmission tree have been tested with the aim of 
getting a better and more exact definition of the radio channel. Thus, the range coverage of a 
device plugged on a tree trunk might be estimated depending on the location of this device around 
the tree trunk. 
 
3.3.2. Meadows  
 
In this case, the data was collected along two different radials at each environment. Each radial 
consists of 25 points and 150 meters at the grassland environment, and 16 points and 32 meters 
at scrublands (See table 3.8 for more details). Furthermore, the number of received power 
samples gathered at each reception point is 301 for grasslands and 3010 for scrublands. These 
power samples were averaged at each point in order to obtain a mean received power value. The 
high variability of the received power observed in this last environment was the reason why the 
number of samples was selected to be ten times the number of the other environment. 
Transmitting and receiving parameters were the same as the ones previously exposed for 
woodland environments. 
 
Table 3.8- Distance in meters from Tx to Rx at meadows 
Measurement Point Grassland Scrubland 
1 1 1 
2 2 2 
3 4 3 
4 6 4 
5 8 6 
6 10 8 
7 14 10 
8 18 12 
9 22 14 
10 26 16 
11 30 18 
12 35 20 
13 40 23 
14 45 26 
15 50 29 
16 55 32 
17 60 - 
18 65 - 
19 70 - 
20 80 - 
21 90 - 
22 100 - 
23 115 - 
24 130 - 
25 150 - 





Figure 3.26- Measurement point distributions at grassland 
 
 
Figure 3.27- Measurement point distributions at scrubland 
 
Figures 3.26 and 3.27 present the measurement point distributions for grassland and scrubland 
respectively. X and Y axis are measured in meters and indicates the distance to the transmitter, 
located at X=0 and Y=0. In this case, Al the measured points have the same size, since there is no 
tree trunk at the measurement points. 






Figure 3.28-Tx and Rx configuration in meadow environments 
 
The transmitting and receiving antennas were tested at three different heights: 0.9, 1.2 and 1.6 
meters. Both antennas were positioned at the same height in our analysis, with the purpose of 
simulating the best conditions for a peer to peer propagation. Figure 3.28 depicts the 






































This chapter presents the analysis of the results obtained from the measurement campaigns 
described in chapter 3. Therefore, the main aim of these measurement campaigns is to collect 
data for adjusting a propagation model valid to predict the received power in peer to peer 
conditions as a function of the distance between transmitter and receiver, and the type of forest 
or vegetation that grows within both ends. Thus, the goal of the data processing is the analysis of 
the results by means of a regression to know how the received power decays with distance. 
Depending on the selected frequency, the antennas height and location around the “receiving 
tree”, and the environment, the attenuation of the received power appears to vary significantly.  
The first subsection, 4.1, focuses on the propagation model fundamentals, depicting various 
examples of how the data processing has been done for both kind of environments: woodlands 
and meadows. Secondly, section 4.2, presents the propagation model parameters separately for 
every environment and system configuration. Finally, section 4.3, illustrates a brief summary of 
the complete results. 
4.1 Peer to peer propagation 
model fundamentals 
 
Each one of the files, stored in the spectrum analyzer FSH during the measurement campaigns, 
contains 301 received power samples in logarithmic units (dBm). These values have been averaged 
in natural units and transformed again to logarithmic units to obtain the mean received power at 
each receiving point. This is why this chapter has been called long term results, as it contains the 
description of the average radio channel behavior. The short term variation of these 301 samples 
at each point will be presented in chapter 5. 




The following two subsections, 4.1.1 and 4.1.2, present the long term propagation model 
fundamentals for woodlands and meadows respectively, since both models are quite different. 
4.1.1 Woodlands 
Figures 4.1 to 4.3 present three cases of the received power samples at different woodland 
environments. The X axis shows the distance in meters between transmitter and receiver in 
logarithmic scale, while the Y axis displays the 0 normalized received powers, expressed in dBm. 
In addition to this, the black squares represent the average received power of each group of 301 
power samples received at a distance “d” from the transmitter.  
 
 
Figure 4.1 Example of the received power samples at 2.4 GHz in pine tree forest 
 
By using the logarithmic scale in the X axis, the received power seems to fit a linear equation. 
Furthermore, equation 4.1 represents a general propagation equation based on Friis equation 
(n=2), where "𝑝"  is the received power in mW at a distance “d” from the transmitter, "𝑝0" 
represents the reference power in mW at 1 meter from the transmitter, and "𝑛" is the rhythm of 
the power decay with the distance. 
 
𝑝 = 𝑝0. 𝑑
−𝑛 (4.1) 
 
Obviously, equation 4.1 is not linear. However, transforming this equation into a logarithmic 
one, by simply applying logarithms to both sides (4.2), the equation 4.3 comes up. In this equality 
"𝑃" is the received power in dBm at a distance "𝑑" from the transmitter and 𝑃0 is the received 
power at 𝑑 = 1 𝑚 from the transmitter, in dBm too.  
 




𝑝 = 𝑝0. 𝑑
−𝑛 → 10 · log10(𝑝) = 10 · log10(𝑝0 · 𝑑
−𝑛) 
10 · log10(𝑝) = 10 · log10(𝑝0) − 10 · 𝑛 · log10(𝑑) 
(4.2) 
  
𝑃 = 𝑃0 − 10 · 𝑛 · log10(𝑑) (4.3) 
 
Comparing equation 4.3 to the typical linear relation (4.4), all the linear parameters may be 
identified. 
 
𝑦 = 𝑎 · +𝑏 · 𝑥 (4.4) 
 
Thus: 
a) "𝑥", the independent variable, seems to be equal to 10 · log10(𝑑) ; 
b) "𝑦", the dependent variable, is represented by "𝑃" the received power in dBm; 
c) "𝑏", the slope of the line, is denoted by " − 𝑛"; and 
d) “a”, the origin ordinate, characterizes the received power at 𝑑 = 1 𝑚.   
 
 
Figure 4.2 Example of the received power samples at 3.5 GHz in eucalyptus tree forest 
 
The problem presented in this study is an overdetermined system of equations, with “k” 
equations and only 2 unknowns. The number “k” corresponds to the number of points where the 
received power was measured. To solve this problem, the least squares method is preferred and 
described in equations 4.5 to 4.12. Within this group of equations, 4.8 allows the user to obtain 
the values of the parameters "𝑎" and "𝑏" of equation 4.4. Equation 4.9 obtains the correlation 
factor r2, a value that measures the linearity of the points under study. As much close to 1 this 
factor is, much linear the data are. Furthermore, equivalences 4.11 and 4.12 permit, respectively, 
to acquire the resultant errors in the calculation of the parameters "𝑎" and "𝑏". Finally, the way 
the Mean Squared Error (MSE) was estimated is presented in equation 4.13. 




Let’s follow with the three initial examples and their regression calculation by estimating all 
the parameters describe before. 
 
 
Figure 4.3 Example of the received power samples at 5.8 GHz in the oak tree forest 
 








) − 𝑛 · ?̅?2 (4.5) 
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Actually, the slope and origin ordinate values (a and b) are estimated with the aid of the 
“polyfit” Matlab function. This is able to fit data according to a given degree polynomial equation, 




in this case degree 1. In addition to this function, Matlab may also estimate the standard deviation 
of the error in predicting future observations. That value has been called prediction error, and has 
been denoted as PE. According to Matlab help, the predicted received value with polyfit plus or 
minus PE will contain at least 50% of future observations at a distance “d” from the transmitter. 
Figures 4.4 to 4.6 depict the regressions accomplished with the data from figures 4.1 to 4.3. 
Data from figure 4.4 were from the radial 2 of the pine tree environment when the receiver was 
located at 0º and the transmitter was in front of the transmitter tree. This image shows 16 
averaged power samples gathered at the distances introduced in table 3.7. Furthermore, distance 
and power values were processed according to equations 4.5 to 4.12 to obtain data from table 
4.1. In this development, 𝑥𝑖  represents the ten logarithmic value of each one of the measured 
distance, and 𝑦𝑖 denotes the corresponding averaged power value for this distance. In addition to 




Figure 4.4 Example of the regression of figure 4.1 
 
Table 4.1 Example parameters from figure 4.4 
Parameter Value 
𝑛 3.04 
𝑃0 -42.0 dBm 
𝑆𝐸𝑛 0.287 
𝑆𝐸𝑃0  4.28 dB 
𝑀𝑆𝐸 18.4 dB 
PE 4.55 dB 
𝑟2 0.889 
 
As shown in table 4.1, the “power decay” with distance factor “n” takes a value of 3.04, which 
means that, the received power is reduced by 30.4 dB per decade of distance. Furthermore, the 
origin ordinate value obtained is -42.0 dBm, which corresponds to the received power at 1 meter 




from the transmitter. In addition to this, table 4.1 presents the estimation errors of these 
parameters, and they have been estimated around the 10% of the absolute values.  
Regarding fitting goodness parameters, the mean squared error has been estimated as 18.4 
dB, while the prediction error takes a value of 4.55 dB. Finally, the correlation factor is around 
0.89, which seems to be quite high. 
Figure 4.5 depicts an example of the regression accomplished in the eucalyptus tree forest at 3.5 
GHz, in the radial two, when the transmitter was in front of the transmitter tree and the receiver 
was located at 0 degrees. Table 4.2 presents the regression fitting parameters and errors obtained 
for this 3.5 GHz example. For instance, both the MSE and the PE seem to be greater than those 
estimated in the previous example. Thus, correlation factor is lower, reaching only 0.794.  
 
Figure 4.6 and table 4.3 present the received power with the regression fitting, along with all 
the parameters of the last example, which is the study performed in the oak tree forest, at 5.8 
GHz when the transmitter is in front of the transmitter tree and the receiver is at 0 degrees. 
 
 
Figure 4.5 Example of the regression of figure 4.2 
 
Obviously this is only a first approximation to the final result of these regressions. The main 
problem coming up when analyzing linear regressions, according to (Barnett & Lewis, 1994), are 
the outliers, which can be defined as atypical data points that do not fit with the rest of the data, 
and appear to come from another population. These extreme values, or even only one, can lead 
to inaccurate regression estimates, overall on the regression coefficients, which are the main aim 
of the presented study. 
 




Table 4.2 Example parameters from figure 4.5 
Parameter Value 
𝑛 2.89 
𝑃0 -36.4 dBm 
𝑆𝐸𝑛 0.307 
𝑆𝐸𝑃0  5.13 dB 
𝑀𝑆𝐸 26.4 dB 
PE 5.34 dB 
𝑟2 0.794 
 
Thus, three methods will be employed to detect these outliers: the eyeball method, which 
simply looks at what falls away from the predicted line; the studentized residuals, which scale the 
traditional residuals to become them scale independent; and the Cook’s distance, or the 
evaluation of how much an observation affects a change in a parameter estimate. This last method 




Figure 4.6 Example of the regression of figure 4.3 
 
Table 4.3 Example parameters from figure 4.6 
Parameter Value 
𝑛 3.26 
𝑃0 -39.6 dBm 
𝑆𝐸𝑛 0.274 
𝑆𝐸𝑃0  4.74 dB 








Although the eyeball method could be used for every case, it doesn’t make sense when the 
amount of data is so large. Therefore, both the studentized residuals and the Cook’s distance 
methods will be used to determine outlier points. The studentized residual method considers an 
observation as statistically significant at 95% of level when the residuals are outside the ±2 range. 
Regarding Cook´s distance method, it contemplates a sample as a possible outlier when this 
distance is larger than 
4
𝑛−𝑘−1
 where "𝑛" is the sample size and "𝑘" is the number of explanatory 
variables, which in this analysis is always 1. All these values may be easily obtained with the aid of 
the “regstat” Matlab function. 
Tables 4.4 to 4.6 and figures 4.7 to 4.9 present the result of the application of these outliers 
avoiding algorithms to the linear regressions in figures 4.4 to 4.6 respectively. Outlier points have 
been marked with an X, which means that these points have been deleted from the final analysis. 
The application of these outlier avoiding algorithms, reduce both the MSE and the PE errors, 
compared with the previous studies. 
 
 
Figure 4.7 Example of the application of outliers avoiding for figure 4.4 
 
Table 4.4 Example parameters from figure 4.7 
Parameter Value 
𝑛 -2.83 
𝑃0 -44.4 dBm 
𝑆𝐸𝑛 0.216 
𝑆𝐸𝑃0  3.16 dB 









Figure 4.8 Example of the application of outliers avoiding for figure 4.5 
 
Table 4.5 Example parameters from figure 4.8 
Parameter Value 
𝑛 2.95 
𝑃0 -34.7 dBm 
𝑆𝐸𝑛 0.260 
𝑆𝐸𝑃0  4.36 dB 
𝑀𝑆𝐸 18.9 dB 




Figure 4.9 Example of the application of outliers avoiding for figure 4.6 
 




Table 4.6 Example parameters from figure 4.9 
Parameter Value 
𝑛 3.56 
𝑃0 -33.7 dBm 
𝑆𝐸𝑛 0.285 
𝑆𝐸𝑃0  4.97 dB 
𝑀𝑆𝐸 9.48 dB 




Figures 4.10 and 4.11 show an example of the received power measurements at grassland and 
scrubland environments respectively. Although both axis represent the same as in the previous 
section (received power in dBm and distance in meters), the points distribution seems to be quite 
different for these two environments. Thus, the measured powers appear to fit a double linear 
regression, instead of a simple line, as in woodland environments. This situation could be 
explained because of the presence of low vegetation could obstruct significantly the first Fresnel 
ellipsoid in the radio link between transmitter and receiver at some larger distances. Thus, at 
shorter distances the conditions could be considered LoS (Line of Sight), but the conditions would 
be OLoS at distances approximately similar to the shoulder observed at the power decay curve. 
 
Figure 4.10 Example of the received power samples at 120 cm height 3.5 GHz in grasslands 
 
According to equation 4.3, the received values seem to fit an equation like 4.14. This is 
consistent with that published in (Lang, 2009). In these two equations, dbreak indicates the distance 
where both linear equations intersect (i.e. the shoulder of the curve); P0x is the received power, 
expressed in dBm, at 1 meter from the transmitter for the “x” regression; and nx represents the 
power decay factor for the “x” regression, where “x” could be 1 or 2. 






Figure 4.11 Example of the received power samples at 2.4 GHz in scrublands 
 
𝑃 = 𝑃01 − 10 · 𝑛1 · log10(𝑑) ; 𝑑 < 𝑑𝑏𝑟𝑒𝑎𝑘 
𝑃 = 𝑃02 − 10 · 𝑛2 · log10(𝑑) ; 𝑑 ≥ 𝑑𝑏𝑟𝑒𝑎𝑘 
(4.14) 
 
The main problem of this double regression is to find the optimum distance,𝑑𝑏𝑟𝑒𝑎𝑘, where the 
slope changes. To get this value, the double regression fitting has been tested for every 
combination of points, and three values have been considered to be optimized: the proximity 
between the theoretical breakpoint and the actual one; the weighted correlation factor, equation 
4.15; and the weighted Mean Squared Error (WMSE), equation 4.16. In these equations, 𝑛1 
corresponds to the number of points used in the first regression, and 𝑛2 is the number of points 
of the second regression. Thus, the addition of 𝑛1 and 𝑛2 equals the number of points of the radial 





















· (𝑛1 · 𝑀𝑆𝐸1 + 𝑛2 · 𝑀𝑆𝐸2) (4.16) 
 
The procedure to determine the optimum dbreak has been determined as follows:  
a) First of all, the whole group of received power samples (25 in example of figure 4.12) has 
been divided into two different groups. To do that, it is necessary to assume a theoretical 
break point (theoretical breakpoint 1 in figure 4.12) in order to obtain two different 
regression lines. 
b) The first group of points is composed by the all the points between the first point of the 
whole group and the theoretical break point assumed, including this last one. The 




minimum size of this first group should be 2, since this is the minimum number of points 
to define a line. 
c) The second group of points, is composed by the following point to the theoretical 
breakpoint up to the end of the whole group. 
d) One regression analysis is performed for each one of these group of points. 
e) Once both regressions were calculated, two line equations were obtained. The point 
where both lines intersect will be labeled as actual break point 1. 
f) This actual break point 1 was compared with the theoretical breakpoint assumed. Their 
values should be quite similar to accept this theoretical break point as a possible break 
point.  
g) This process was repeated with the following point of the radial as the theoretical break 
point 2 and so on.  
h) Figure 4.12 shows an example of this procedure, and table 4.7 the numerical data.  
 
 
Figure 4.12 Break point estimation procedure example 
 
Table 4.7 depicts the results of the break point distance estimation. First column presents the 
theoretical breakpoint used to divide the point distribution in two different groups. After the 
double regression procedure, two regression lines were obtained; the point where they really 
cross is denoted as actual breakpoint in the second column. Furthermore, the prediction error 
(PE) in dB is shown in the third column, and the correlation factor in the fourth one. The MSE in 
dB is presented in the fifth column and finally, the last column shows a weighted error function 
(error) which is estimated as indicated in equation 4.17. This relation sets the largest weight (80%) 
to the mean square error, and only a 20% to the prediction error. After that, both terms are added 















breakpoint (TB) and the real breakpoint (RB). Finally, the result is divided by the correlation 
coefficient. Thus, this error function should be minimized to obtain the best fitting conditions. 
𝐸𝑟𝑟𝑜𝑟 = (𝑊𝑀𝑆𝐸 · 0.8 + 𝑃𝐸 · 0.2) ∗ (1 + |𝑇𝐵 − 𝑅𝐵|)/𝑟2 (4.17) 
 
Once all the theoretical breakpoints have been checked, the technique to determine the 
optimum break point is as follow:  
a) First of all, the actual breakpoints that differs less than 50% from the theoretical 
breakpoint are marked in grey in table 4.7, as possible breakpoints. A deviation over this 
percentage has been considered excessive. 
b) Afterwards, the row including the lowest error among those previously selected is chosen 
as the final breakpoint. (bold text in table 4.7) 
 

















2 3.92 65535 0.980 65500 65500 
4 6.34 1.64 0.972 2.34 2.14 
6 12.1 1.40 0.978 1.92 1.77 
8 16.9 1.41 0.974 1.86 1.72 
10 17.5 1.74 0.966 3.03 2.66 
14 22.5 1.63 0.964 2.69 2.36 
18 23.6 .57 0.960 2.61 2.27 
22 27.2 1.45 0.964 2.20 1.95 
26 35.5 1.48 0.965 2.06 1.85 
30 37.6 1.43 0.964 1.96 1.76 
35 38.3 1.41 0.960 1.97 1.74 
40 32.1 1.38 0.955 1.81 1.60 
45 30.3 1.40 0.947 1.87 1.62 
50 30.9 1.44 0.939 2.01 1.69 
55 39.7 1.64 0.941 2.39 2.03 
60 53.8 1.84 0.952 2.85 2.50 
65 64.9 2.07 0.952 3.64 3.16 
70 78.5 2.00 0.967 3.45 3.06 
80 86.9 2.25 0.954 4.39 3.71 
90 162 1.88 0.968 3,13 2.80 
100 160 1.90 0.969 3,23 2.88 
 
Thus, final results of this double regression procedure are shown in figures 4.13 and 4.14 and 
tables 4.8 and 4.9 for the grassland and scrubland environments respectively. It must be remarked 
that, for these double linear regressions, the outliers’ checking has not been done, because the 
number of points is so reduced for each regression that no one should be eliminated. However, 
outliers have been checked for some situations where the simple regression still fits better.  





Figure 4.13 Double regression example at grasslands 
 
Table 4.8 Example parameters from figure 4.13 
Simple regression Double regression 







𝑃0 -42.9 dBm 
𝑃01 -46.8 dBm 
𝑃02 -23.0 dBm 
𝑆𝐸𝑃0 1.25 dB 
𝑆𝐸𝑃01  0.734 dB 
𝑆𝐸𝑃02  7.63 dB 
𝑑𝑏𝑟𝑒𝑎𝑘 - 𝑑𝑏𝑟𝑒𝑎𝑘 32.1 m 
PE 1.92 dB PE 1.38 dB 
𝑟2 0.980 𝑟2 0.955 
MSE 3.40 dB WMSE 1.81 dB 
error 3.04 dB error 1.60 dB 
 
In this grassland example, the double regression fitting shows a reduction on the PE and WMSE 
error, which means better fitting conditions. 





Figure 4.14 Double regression example at scrublands 
 
Table 4.9 Example parameters from figure 4.14 
Simple regression Double regression 







𝑃0 -38.4 dBm 
𝑃01 -47.4 dBm 
𝑃02 -15.0 dBm 
𝑆𝐸𝑃0 3.49 dB 
𝑆𝐸𝑃01  0.779 dB 
𝑆𝐸𝑃02  15.6 dB 
𝑑𝑏𝑟𝑒𝑎𝑘 - 𝑑𝑏𝑟𝑒𝑎𝑘 9.24 
PE 4.66 dB PE 2.99 dB 
𝑟2 0.915 𝑟2 0.867 
MSE 19.0 dB WMSE 9.13 dB 
error 14.7 error 6.24 dB 
 
This scrubland example shows that the PE reduces its value up to 1.67 dB, and the WMSE 
decrease its value almost 10 dB. So, it seems that the best fitting conditions arises with the double 
regression fitting. 
  




4.2 Peer to peer propagation 
model adjustments 
 
The following subsections depict the values provided for the proposed peer to peer propagation 
model, which are the main contributions of this research work. They have been divided into forest 
and meadow environments. 
Results show the attenuation factor “n” and the reference power at 1 meter from the 
transmitter “P0” for each one of the analyzed environments, and transmitter and receiver 
configurations. The prediction errors (PE), mean square error (MSE) and the correlation factor (r2) 
obtained in these regression processes are presented along with P0 and n. 
4.2.1 Woodlands 
According to previous sections, measurements in these environments were collected with 
transmitter and receiver at 1.6 meters height, in up to 4 points around each reception tree. 
Initially, results were individually analyzed for each reception angle, radial and transmitter 
position. Afterwards, data were mixed because of their similarity, in order to get four propagation 
equations for each woodland, depending on the location of the transmitter (front or back) and 
the position of the receiver (LoS or 180º). 
All the data presented in the following subsections have been corrected according to the 
outliers explanation on section 4.1.1. 
These woodland results have been divided according to the predominant specimen at each 
environment: pine trees, eucalyptus trees and deciduous oak trees. 
4.2.1.1 Pine tree environment 
4.2.1.1.1 Pine tree individual analysis 
 
Figures 4.15 to 4.17 present three different fitting examples for the pine tree environment. 
Figure 4.15 shows the simple regression fitting at 2.4 GHz, when the transmitter was in front of 
the transmitter tree and the receiver was at 0 degrees. Figure 4.16 depicts a 3.5 GHz example for 
the radial 3, when the transmitter was in the back and the receiver was also at 0 degrees. Finally, 
figure 4.17 presents a 5.8 GHz example, for the radial 2, when the transmitter was in the front 
side and the receiver was at 180 degrees. All these examples present the mean received power at 
each measurement point, with black squares; the original regression line (without the outlier 
correction), with a black solid line; the corrected regression line (including the outlier correction), 
with a black dash-dotted line; and the deleted outliers, with a black cross. 





Figure 4.15 – Pine tree regression example at 2.4 GHz, Radial 1, Tx front and Rx angle 0º 
 
 
Figure 4.16 – Pine tree regression example at 3.5 GHz, Radial 3, Tx back and Rx angle 0º 
 





Figure 4.17 – Pine tree regression example at 5.8 GHz, Radial 2, Tx front and Rx angle 180º 
 
All these graphic examples are complemented with the numeric data, which are shown in 
tables 4.10 to 4.12, which present the individually corrected results obtained in the pine tree 
forest for each frequency, radial, receiving angle and transmitter position. Table 4.10 shows both 
the attenuation factor “n” and its estimated error “n”, calculated for each arrangement. In 
addition to this, table 4.11 depicts the reference power “P0”and its error “Po” for the same 
situations. Finally, the prediction error (PE), mean square error (MSE) and the correlation factor 
(r2) for each regression are presented in table 4.12. 
In this individual analysis, less than 9% points have been erased as possible outliers in the whole 
study at 2.4 GHz and 3.5 GHz. At 5.8 GHz, the percentage of deleted outliers is below 10%. 





Transmitter front Transmitter back 
Radial 1 Radial 2 Radial 3 Radial 1 Radial 2 Radial 3 
𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 
2.4 
0º 3.13 0.309 2.83 0.216 1.95 0.162 2.15 0.257 2.67 0.169 2.31 0.275 
90º 3.59 0.343 2.64 0.307 2.67 0.231 2.48 0.225 2.29 0.205 2.12 0.270 
180º 2.91 0.227 2.75 0.322 3.00 0.264 2.82 0.177 1.67 0.322 2.81 0.185 
270º 3.54 0.211 2.54 0.313 2.92 0.427 1.88 0.265 2.27 0.171 1.73 0.252 
3.5 
0º 3.40 0.204 2.92 0.415 3.20 0.217 2.88 0.351 2.73 0.271 2.97 0.220 
90º 3.78 0.311 2.85 0.273 3.11 0.394 2.70 0.191 2.59 0.263 2.55 0.329 
180º 3.22 0.276 2.00 0.178 2.75 0.217 2.85 0.272 3.26 0.255 2.98 0.196 
270º 3.61 0.281 3.63 0.370 2.34 0.296 2.48 0.181 2.42 0.331 2.85 0.362 
5.8 
0º 2.94 0.249 2.94 0.339 2.73 0.197 2.66 0.190 2.59 0.256 2.17 0.223 
90º 3.34 0.247 2.57 0.355 3.25 0.362 2.54 0.261 2.36 0.139 2.15 0.296 
180º 2.29 0.317 2.60 0.153 2.64 0.246 2.18 0.158 1.78 0.190 1.84 0.208 













Transmitter front Transmitter back 


























0º -37.6 4.62 -44.4 3.16 -55.7 2.58 -66.9 3.94 -57.2 2.52 -59.9 4.43 
90º -28.9 5.24 -43.3 4.52 -43.3 3.70 -60.2 3.35 -61.3 3.08 -66.6 4.39 
180º -46.1 3.44 -50.5 4.83 -49.2 4.25 -64.9 2.64 -78.3 4.83 -57.7 3.00 
270º -30.2 3.19 -46.1 4.68 -44.4 6.86 -69.9 4.03 -61.6 2.60 -66.7 4.02 
3.5 
0º -31.4 3.05 -39.3 6.02 -35.0 3.46 -52.1 5.50 -55.7 4.11 -49.4 3.55 
90º -26.0 4.73 -38.6 4.00 -34.3 6.38 -56.1 2.89 -55.4 4.06 -55.7 5.42 
180º -46.5 4.31 -63.1 2.58 -50.6 3.42 -60.5 4.25 -53.9 3.78 -56.2 3.24 
270º -29.6 4.21 -28.6 5.60 -44.5 4.79 -58.0 2.77 -60.2 4.87 -52.7 5.79 
5.8 
0º -43.6 3.73 -44.7 5.04 -45.2 3.04 -60.8 2.92 -65.1 3.82 -67.6 3.68 
90º -40.6 3.74 -47.7 5.13 -38.9 5.79 -61.9 4.06 -68.9 2.09 -68.1 4.78 
180º -68.5 4.93 -61.9 2.29 -59.6 4.03 -74.1 2.45 -81.9 2.92 -80.4 3.45 
270º -38.7 3.63 -42.8 3.48 -42.0 4.40 -61.9 3.76 -72.8 4.35 -71.3 3.50 
 





Transmitter front Transmitter back 
































0º 5.12 22.9 0.895 3.31 9.65 0.930 2.46 5.31 0.923 4.45 17.6 0.832 2.65 6.13 0.954 4.47 17.7 0.844 
90º 5.92 31.2 0.887 4.32 16.3 0.860 3.75 12.4 0.911 3.67 11.8 0.911 3.26 9.40 0.905 4.30 16.3 0.826 
180º 3.59 11.3 0.932 4.43 17.2 0.859 4.29 16.2 0.908 2.93 7.53 0.955 5.03 22.1 0.692 2.97 7.77 0.947 
270º 3.61 11.4 0.959 4.98 21.8 0.836 6.92 42.6 0.769 4.14 15.0 0.807 2.43 5.20 0.932 4.05 14.4 0.783 
3.5 
0º 3.37 10.1 0.955 6.12 33.1 0.792 3.49 10.8 0.944 5.59 27.5 0.838 4.02 14.2 0.887 2.84 7.06 0.938 
90º 5.35 25.3 0.919 3.89 13.2 0.901 5.15 23.2 0.838 2.82 6.90 0.948 3.68 11.8 0.890 4.52 17.8 0.833 
180º 4.57 18.4 0.913 2.60 5.95 0.906 3.39 10.1 0.925 4.32 16.5 0.895 4.03 14.3 0.926 2.68 6.30 0.951 
270º 4.62 18.8 0.927 5.66 28.2 0.881 3.83 12.8 0.839 3.12 8.68 0.931 5.16 23.5 0.804 5.86 30.3 0.827 
5.8 
0º 4.12 15.0 0.915 5.37 25.6 0.843 2.90 7.34 0.941 3.22 9.09 0.942 4.06 14.6 0.887 3.30 9.55 0.888 
90º 4.22 15.7 0.933 5.16 23.5 0.802 5.86 30.3 0.861 4.31 16.4 0.880 2.22 4.32 0.960 4.80 20.3 0.802 
180º 5.32 25.0 0.801 2.43 5.18 0.960 3.65 11.7 0.898 2.61 5.97 0.941 2.81 6.93 0.880 2.84 7.05 0.867 
270º 3.99 13.9 0.946 3.41 10.1 0.929 4.45 17.5 0.909 4.06 14.6 0.902 4.63 19.1 0.777 1.95 3.26 0.909 
 
Tables 4.10 and 4.11 show some similitudes among the attenuation factors and reference 
powers at the receiving positions 0º, 90º and 270º for each one of the transmitter and receiver 
configurations. Furthermore, these similarities are present too for the three radials under analysis. 
Thus, data from these three angles of observation around the tree have been jointed for the three 
radials, in order to obtain the general propagation parameters as a function of the position of the 
transmitter (front and back) and the receiver (LoS and 180º). When the receiver is located at 180º, 
results are quite different, so this angle is going to be analyzed separately. This joint analysis is 
presented in the following section. 
 
4.2.1.1.2 Pine tree joint analysis 
 
Individual analysis confirms some similitudes between the three different radials, and between 
LoS reception angles (0º, 90º and 270º). The current section tries to join in these groups all these 
data, in order to obtain four general propagation equations for each frequency. 
The way the data was mixed is as follows, separately for each frequency and transmitter 
location:  




1- Initially, the 0º, 90º and 270º received power values for each receiving point, which have 
been already obtained after averaging the 301 power samples, have been averaged to 
obtain only one value (LoS) at each link distance. The 180º received power samples are 
not averaged in this step. 
2- Secondly, all the LoS averaged values of the three radials have been included in a new 
vector performing a new hypothetical radial. The same was done with the 180º data.  
3- Finally, these two new radials have been analyzed separately, with the aim of obtaining 
results presented at table 4.13. 
Table 4.13 presents the joint analysis results. This table shows the power decay factors, the 
reference powers and their respective estimated error values. Furthermore it includes the 
prediction errors, the mean squared errors and the correlation factors. All these parameters have 
been obtained for the three frequencies under analysis and for every transmitter and receiver 
configuration. 



























Rx LoS -39.5 1.78 2.89 0.114 2.33 5.18 0.933 -47.9 1.50 2.69 0.097 2.12 4.29 0.944 
Rx 180º -49.5 2.56 2.80 0.166 3.88 14.3 0.886 -68.0 2.88 2.37 0.186 4.76 21.6 0.796 
3.5 
Rx LoS -37.2 1.91 2.85 0.123 2.25 4.85 0.931 -43.5 1.64 2.83 0.105 1.99 3.80 0.947 
Rx 180º -51.9 2.37 2.75 0.155 3.79 13.7 0.875 -56.6 2.23 3.02 0.142 3.36 10.8 0.914 
5.8 
Rx LoS -42.4 1.69 2.95 0.109 2.41 5.57 0.947 -47.8 1.42 2.98 0.091 2.18 4.55 0.959 
Rx 180º -60.1 2.37 2.70 0.151 3.20 9.74 0.863 -78.2 1.70 1.96 0.107 2.03 3.93 0.893 
 
Figures 4.18 and 4.19 depict the joint results at 2.4 GHz when the transmitter is in the front 
side of the transmitter tree and when it is back respectively. Figures 4.20 and 4.21 show the same 
results for the 3.5 GHz frequency and figures 4.22 and 4.23 for 5.8 GHz. 
In addition to this, inside these all these figures, “a” ones present the joint analysis when the 
receiver is in LOS and “b” ones the same when the receiver is at 180º. 
  
(a) (b) 
Figure 4.18 –Pine tree joint analysis, 2.4 GHz, Tx front, Rx angle LoS (a) and 180º (b) 
 














Figure 4.21 –Pine tree joint analysis, 3.5 GHz, Tx back, Rx angle LoS (a) and 180º (b) 
 










Figure 4.23 –Pine tree joint analysis, 5.8 GHz, Tx back, Rx angle LoS (a) and 180º (b) 
 
4.2.1.1.3 Pine tree comparisons 
 
Figures 4.24 and 4.25 (a and b) show a comparison of the three frequencies under analysis for 
each transmitter and receiver configuration. Thus, analyzing these figures along with data from 
table 4.13, some observations can be done: 
a) When the transmitter is in front of the transmitter tree, attenuation factors seem to be 
quite similar for both receiver locations and for the three frequencies under analysis.  
However, the reference powers are quite different for each frequency and receiver 
configuration. This is the main parameter that affects the range coverage. For instance, 
figure 4.24 (a) shows that, for example, the -90 dBm, are reached at 60, 85 and 40 m at 
2.4, 3.5 and 5.8 GHz respectively. 
b) When the transmitter is in the back, both the power decay factor and the reference 
powers are quite different for every frequency and transmitter configuration. 
 

















Figure 4.26 –Pine tree situation joint comparison, 2.4 GHz(a), 3.5 GHz(b), 5.8 GHz (c) 
 




From other point of view, a comparison on the system configuration may be done for every 
frequency. Thus, figures 4.26 “a”, “b” and “c” have been acquired for 2.4, 3.5 and 5.8 GHz 
correspondingly. According to these figures, and to data from table 4.13, the configuration with 
the transmitter back and the receiver back has a very different attenuation factor for every 
frequency. However, the other three configurations reports a power decay factor very similar for 
each frequency, although the reference power varies significantly. Furthermore, the power decay 
factor, for the transmitter front configuration, seems to be stronger when the receiver is in LoS 
situation than when it is at 180º for the three frequencies under analysis. 
Regarding the performance of these analyses, all the error parameters seems to be larger when 
the receiver is at 180º, probably due to the larger attenuation and spreading of the received signal 
maybe caused by the receiving tree. 
As far as reference powers are concerned, on the one hand, the highest values were obtained 
when the transmitter was in the open side and the receiver was in LoS positions. On the other 
hand, the lowest values were obtained when both, the transmitter and the receiver were located 
in the back of the trees, which could be explained as the trunk of the transmission tree induces a 
deep initial attenuation when this tree is between transmitting and receiving antennas.  
  




4.2.1.2 Eucalyptus tree forest 
4.2.1.2.1 Eucalyptus tree individual analysis 
The format used in the analysis of this environment is very similar to that applied in the 
previous section, and the figures obtained represent parallel examples. 
 
 




Figure 4.28–Eucalyptus tree regression example at 3.5 GHz, Radial 2, Tx front and Rx 
angle 90º 
 




Figures 4.27 to 4.29 depict three different examples of the received power at three frequency 
bands that has been analyzed in this research. These three figures present the original regression 
line, obtained with all the received power samples; and the corrected regression line, which does 
not include the identified outliers (marked with a cross in these figures). 
 
 
Figure 4.29– Eucalyptus tree regression example at 5.8 GHz, Radial 2, Tx front and Rx 
angle 180º 
 
Tables 4.14 to 4.16 show the individual corrected path-loss analysis parameters obtained for 
the eucalyptus tree forest. Data are presented likewise for the pine tree environment. Three 
radials, four configurations involving transmitter and receiver locations, and the same three 
frequencies were analyzed. Thus, table 4.14 illustrates the power decay factors and their 
associated errors. 
Regarding the total amount of deleted outliers in this individual analysis, less than 9% points 
have been deleted as possible outliers in the whole study at 2.4 GHz and 3.5 GHz. At 5.8 GHz, the 
percentage of deleted outliers is around 10%. 
 





Transmitter front Transmitter back 
Radial 1 Radial 2 Radial 3 Radial 1 Radial 2 Radial 3 
𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 
2.4 
0º 1.56 0.296 2.39 0.243 2.28 0.352 1.26 0.181 2.29 0.260 2.22 0.354 
90º 1.26 0.208 2.38 0.269 3.27 0.275 1.15 0.188 1.65 0.271 2.50 0.393 
180º 1.55 0.223 1.67 0.245 1.61 0.328 1.38 0.167 1.83 0.180 2.18 0.167 
270º 1.91 0.242 1.67 0.338 2.02 0.286 1.23 0.199 2.52 0.310 1.93 0.313 
3.5 
0º 1.90 0.238 2.95 0.260 3.03 0.316 1.89 0.186 1.96 0.258 2.24 0.388 
90º 1.39 0.253 3.67 0.329 3.17 0.384 1.48 0.140 2.03 0.239 2.28 0.457 
180º 1.63 0.180 2.12 0.292 2.84 0.393 1.77 0.152 1.96 0.279 2.38 0.153 
270º 1.97 0.292 2.94 0.256 2.93 0.539 1.88 0.193 1.09 0.263 2.27 0.218 
5.8 
0º 2.01 0.312 2.66 0.288 2.75 0.327 1.49 0.284 2.06 0.323 2.63 0.182 
90º 1.99 0.399 1.43 0.392 2.85 0.544 1.44 0.150 1.97 0.225 2.12 0.467 
180º 1.91 0.254 2.10 0.238 2.17 0.297 2.17 0.198 1.64 0.246 2.36 0.304 
270º 2.31 0.279 2.89 0.231 2.58 0.567 1.57 0.180 1.69 0.271 2.09 0.316 




Table 4.15 presents the reference powers obtained in this individual analysis along with their 
estimated errors. This table and the previous one show some similarities among calculated values 
at 0, 90 and 270º (LoS) for the three radials under analysis for every transmitter and receiver 
configuration separately. Therefore, a joint analysis may be performed, as in the pine tree forest. 
Section 4.2.1.2.2 depicts these jointed results. 
 





Transmitter front Transmitter back 


























0º -55.5 5.13 -45.4 4.06 -48.7 6.17 -74.4 3.02 -56.4 4.43 -61.0 6.08 
90º -57.2 3.55 -46.0 4.53 -29.9 4.84 -75.3 3.22 -67.4 4.53 -55.7 6.79 
180º -64.0 3.85 -66.0 4.18 -66.6 5.70 -78.6 2.81 -69.8 2.98 -63.9 2.91 
270º -52.4 4.07 -59.0 5.71 -53.4 4.98 -74.0 3.45 -52.5 5.29 -64.8 5.31 
3.5 
0º -43.8 3.99 -34.7 4.36 -30.3 5.40 -60.8 3.19 -61.8 4.35 -59.4 6.86 
90º -54.4 4.32 -23.3 5.58 -27.8 6.65 -71.0 2.37 -63.9 4.04 -58.5 8.08 
180º -62.7 3.11 -57.6 5.00 -42.1 6.95 -71.0 2.66 -70.3 4.78 -64.0 2.62 
270º -45.0 4.89 -35.5 4.26 -35.4 9.35 -61.4 3.28 -76.0 4.45 -62.1 3.76 
5.8 
0º -53.7 5.53 -48.0 4.92 -42.8 5.72 -74.2 4.98 -65.6 5.62 -59.4 3.07 
90º -53.3 7.02 -73.7 6.69 -39.8 9.36 -77.0 2.55 -69.9 3.80 -67.1 8.31 
180º -66.9 4.47 -63.2 4.14 -62.1 5.13 -68.5 3.41 -78.4 4.27 -68.0 5.37 
270º -48.0 4.76 -43.3 3.87 -45.2 10.0 -72.7 3.10 -70.5 4.62 -66.9 5.49 
 
Finishing this individual analysis, table 4.16 illustrates the prediction error, the mean squared 
error and the correlation factor for each transmitter and receiver configuration, frequency and 
radial. All the data presented in these tables excludes the outliers, so they always refer to final 
values.  
 





Transmitter front Transmitter back 
































0º 4.84 21.4 0.596 4.24 16.6 0.815 4.21 16.1 0.711 3.94 14.3 0.699 4.09 15.3 0.795 4.36 17.2 0.698 
90º 3.61 11.9 0.657 4.63 19.8 0.781 3.40 10.4 0.898 3.75 12.9 0.652 4.73 20.7 0.616 4.97 22.3 0.704 
180º 3.89 13.8 0.719 3.43 10.8 0.699 4.17 15.8 0.571 3.68 12.5 0.765 3.08 8.77 0.825 2.11 4.04 0.909 
270º 5.32 26.1 0.749 5.32 26.1 0.538 3.59 11.7 0.745 3.97 14.4 0.655 4.61 19.5 0.759 5.35 26.1 0.667 
3.5 
0º 5.23 25.1 0.761 4.52 18.9 0.854 5.41 26.5 0.844 3.24 9.63 0.837 4.44 18.2 0.723 3.32 10.0 0.663 
90º 4.43 17.9 0.615 4.92 22.3 0.856 4.88 21.5 0.800 3.09 8.76 0.849 4.02 14.9 0.766 3.92 13.9 0.593 
180º 3.60 11.9 0.803 3.68 12.4 0.725 3.37 10.2 0.765 2.65 6.42 0.877 3.54 11.5 0.712 2.55 5.93 0.931 
270º 6.39 37.5 0.685 4.34 17.4 0.863 6.86 42.7 0.621 3.34 10.2 0.834 4.16 16.0 0.437 3.19 9.21 0.865 
5.8 
0º 4.45 18.1 0.684 4.53 18.9 0.802 4.11 15.2 0.816 3.91 13.9 0.605 3.78 13.1 0.670 3.10 8.75 0.921 
90º 5.79 30.7 0.553 5.80 30.9 0.388 6.74 41.0 0.617 3.31 10.1 0.815 3.79 13.3 0.777 3.91 13.8 0.562 
180º 3.68 12.4 0.739 2.94 7.95 0.795 4.36 17.3 0.748 3.51 11.3 0.857 3.11 8.85 0.702 2.60 6.13 0.780 
270º 4.84 21.5 0.775 3.93 14.2 0.882 4.42 17.5 0.580 3.61 12.0 0.782 3.63 12.1 0.659 3.96 14.1 0.733 
 
4.2.1.2.2 Eucalyptus tree joint analysis 
 
After the individual analysis, data have been combined according to the explanation at the 
beginning of section 4.2.1.1.2. This joint analysis provides the results presented at table 4.17. 
Furthermore, images “a” and “b” from figures 4.30 to 4.35 illustrates the jointed regressions 
performed to get these data. These figures do not show any outlier, because outliers have been 




deleted in the individual analysis: so when data are mixed, there are no more outliers to be 
removed. 



























Rx LoS -49.3 1.98 2.04 0.117 3.07 9.16 0.818 -55.7 1.70 1.97 0.101 2.93 8.33 0.838 
Rx 180º -65.7 2.78 1.61 0.162 3.77 13.8 0.619 -68.1 1.80 1.94 0.106 2.86 7.91 0.790 
3.5 
Rx LoS -37.0 2.34 2.53 0.139 3.77 13.8 0.829 -40.9 2.02 2.66 0.120 3.17 9.76 0.874 
Rx 180º -59.3 2.74 1.90 0.158 3.26 10.3 0.702 -68.8 2.13 2.02 0.124 2.94 8.34 0.814 
5.8 
Rx LoS -46.1 2.30 2.48 0.135 3.14 9.55 0.832 -54.1 2.03 2.34 0.120 2.86 7.93 0.808 
Rx 180º -62.5 2.59 2.14 0.149 3.38 11.0 0.755 -71.0 2.49 2.11 0.143 2.98 8.56 0.780 
 
According to table 4.17, values of n parameter below 2 have been obtained for various 
configurations under analysis. Previous related literature, such as (Hidayab, Ali & Azmi, 2009) and 
(Haibing, et.al., 2005) provided propagation parameters below the free space value too. Although 
the propagation values in these articles have been estimated only for indoor environments, with 
walls between transmitter and receiver, the peer to peer situation analyzed in this research 
appears to be quite similar considering the tree trunks as if they were walls between transmitter 
and receiver. 
As far as reference powers are concern, when the transmitter is in open situation and the 
receiver is located at LoS angles, these power values are maximums. Furthermore, reference 
power values reach the minimum when the transmitter is in the shadowed side and the receiver 
is at the back of the transmission tree, probably due to the attenuation induced by the nearest 
tree trunks. 
Regarding error parameters, the prediction error is around 3 dB for every case under analysis; 
however, the MSE varies up to 4 dB depending on the system configuration and frequency.  
  
(a) (b) 
Figure 4.30 –Eucalyptus tree joint analysis, 2.4 GHz, Tx front, Rx angle LoS (a) and 180º 
(b) 
 
















Figure 4.33 –Eucalyptus tree joint analysis, 3.5 GHz, Tx back, Rx angle LoS (a) and 180º 
(b) 
 











Figure 4.35 –Eucalyptus tree joint analysis, 5.8 GHz, Tx back, Rx angle LoS (a) and 180º 
(b) 
 
4.2.1.2.3 Eucalyptus tree comparisons 
 
The first comparison that may be performed involves the three frequencies under analysis. 
Figure 4.36 “a”, shows the estimated received power at 2.4, 3.5 and 5.8 GHz, when the transmitter 
is in front of the transmitter tree and the receiver is at LoS angles. The slope seems to be quite 
similar for the 3.5 and 5.8 GHz, but it does not for the 2.4 GHz case. Similar results, besides the 
reference power differences, have been obtained when the receiver is at 180º (figure 4.36 “b”). 
Both figures show that 3.5 GHz appears to be the frequency with the lowest attenuation in the 
range distances that has been analyzed. Furthermore, when the transmitter is in the back of the 
transmitter tree and the receiver is at LoS angles, results appears to be also quite similar. However, 
when both the transmitter and the receiver are hidden, which is identified as the worst 
propagation conditions, the lowest attenuation has been detected at 2.4 GHz, and therefore, the 
highest range coverage. Under this conditions, the lowest range coverage is provided at 5.8 GHz. 
 






Figure 4.36 –Eucalyptus tree frequency joint comparison, Tx front, Rx angle LoS (a) 





Figure 4.37 –Eucalyptus tree frequency joint comparison, Tx back, Rx angle LoS (a) and 
180º (b) 
 
Another comparison can be done regarding the transmitter and receiver configuration, 
separately for each frequency. Figures 4.38 “a”, “b” and “c” depict these comparisons at 2.4, 3.5 
and 5.8 GHz. On the one hand, these figures show that, besides the frequency range, the best 
propagation conditions are reached when the transmitter is in front of the transmitter tree and 
the receiver is in LoS angles around the receiver tree. On the other hand, the largest attenuation 
is obtained when both the transmitter and the receiver are in back side of the respective tree. 
However, the most significant result of this comparison seems to be that, for radio links up to 120 
m, locating the receiver in LoS angles when the transmitter is at the front side of the tree works 
better than locating the receiver at 180º when the transmitter is on the back side of the tree. In 
addition to this, when working with peer to peer systems, where every device is able to act as a 
transmitter or a receiver, the worst propagation condition might be used to predict the range 
coverage. 
 








Figure 4.38 –Eucalyptus tree situation joint comparison, 2.4 GHz(a), 3.5 GHz(b) and 5.8 
GHz (c) 
 
4.2.1.3 Deciduous Oak Tree Forest 
 
As it is constituted by deciduous trees, the same environment has been examined into two 
different seasons: summer and winter. Section 4.2.1.3.1 and 4.2.1.3.2 provide, respectively, the 
summer and winter results for this forest. Finally, a comparison between both seasons has been 
performed in section 4.2.1.3.3. 
The main difference between this analysis and the others is that, in the oak tree forest, the 
receiver has been located only at 0º and 180º, since the tree trunks were too thin to provide any 
difference between 0º and, 90º and 270º, as we tested in preliminary experiments. 
4.2.1.3.1 Summer conditions 
4.2.1.3.1.1 Oak tree summer individual analysis 
The first analysis performed, as in the other environments, was an individual analysis, studying 
every frequency (2.4, 3.5 and 5.8 GHz), radial (1, 2 or 3), receiver angle position (0 or 180º) and 
transmitter location (front and back) separately. Figures 4.39 to 4.41 present three examples of 
the path-loss regressions obtained at the three considered frequencies. These results have been 
achieved by deleting the outlier points (marked with a cross) and repeating the regression analysis 
to obtain the corrected regression line. 




As far as deleted outliers are concern, percentage of erased points is below 10% for the three 
frequencies under analysis. 
 
Figure 4.39 – Summer conditions oak tree regression example at 2.4 GHz, Radial 1, Tx back 
and Rx angle 180º 
 
 
Figure 4.40 – Summer conditions oak tree regression example at 3.5 GHz, Radial 1, Tx front 
and Rx angle 0º 
 





Figure 4.41 – Summer conditions oak tree regression example at 5.8 GHz, Radial 1, Tx front 
and Rx angle 0º 
Tables 4.18 to 4.20 illustrate the corrected numerical results obtained for this individual 
analysis in the oak tree forest under summer conditions. Tables 4.18 and 4.19 present the power 
decay factor and the reference powers respectively, both of them with their associated error (). 
These two tables show some similarities between results at the three radials for every transmitter 
and receiver configuration, so data can be mixed in order to obtain four general propagation 
equations, depending on the system configuration. 






Transmitter front Transmitter back 
Radial 1 Radial 2 Radial 3 Radial 1 Radial 2 Radial 3 
𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 
2.4 
0º 3.11 0.241 3.68 0.521 2.31 0.262 2.44 0.235 2.46 0.356 2.78 0.264 
180º 2.50 0.228 3.06 0.381 2.23 0.278 2.90 0.191 2.91 0.263 2.47 0.317 
3.5 
0º 3.04 0.227 3.31 0.465 2.23 0.203 2.51 0.358 2.67 0.378 2.77 0.295 
180º 2.79 0.324 2.71 0.329 2.70 0.360 2.73 0.316 2.65 0.303 2.58 0.186 
5.8 
0º 3.55 0.265 2.92 0.343 3.56 0.285 2.44 0.149 2.49 0.254 2.60 0.287 
180º 2.84 0.437 2.39 0.317 3.22 0.240 1.57 0.107 2.23 0.161 2.26 0.266 
 






Transmitter front Transmitter back 


























0º -34.6 3.87 -30.6 8.50 -45.9 4.55 -63.4 3.87 -63.7 5.70 -52.2 4.53 
180º -53.8 3.69 -44.6 6.23 -56.5 5.08 -60.5 3.07 -61.0 4.21 -64.9 5.55 
3.5 
0º -35.3 3.68 -29.6 7.55 -42.4 3.48 -57.7 5.75 -55.0 6.26 -48.6 5.16 
180º -49.4 5.28 -47.6 5.32 -43.3 6.17 -60.5 5.04 -64.3 4.98 -57.1 3.24 
5.8 
0º -36.5 4.35 -45.6 5.49 -33.7 4.97 -67.7 2.43 -65.6 4.06 -60.5 5.09 
180º -55.9 7.25 -65.6 5.16 -46.5 4.22 -87.0 1.80 -74.5 2.62 -71.2 4.75 




Table 4.20 presents all the error parameters estimated for this study: the prediction error, the 
mean squared error and the correlation factor. In general, prediction error is below 6 dB, although 
larger values are reached at some receiving points.  






Transmitter front Transmitter back 
































0º 4.11 15.4 0.902 6.57 39.4 0.725 2.90 7.61 0.820 3.94 14.1 0.856 5.57 28.3 0.715 3.81 13.2 0.861 
180º 3.99 14.5 0.864 4.81 21.1 0.772 2.13 4.06 0.811 3.55 11.4 0.928 4.11 15.4 0.865 4.25 16.5 0.762 
3.5 
0º 3.98 14.4 0.904 5.61 28.5 0.748 2.92 7.79 0.864 6.16 34.5 0.732 4.51 18.4 0.746 4.13 15.6 0.822 
180º 5.34 25.9 0.805 3.99 14.4 0.800 5.18 24.5 0.748 6.09 34.0 0.790 3.80 13.1 0.818 2.09 3.94 0.919 
5.8 
0º 4.44 17.9 0.909 4.03 14.7 0.810 3.23 9.48 0.897 2.45 5.50 0.934 3.97 14.4 0.835 3.22 9.46 0.820 
180º 6.14 34.3 0.702 4.50 18.5 0.749 2.72 6.71 0.914 1.38 1.71 0.927 2.39 5.19 0.914 2.59 6.06 0.810 
 
4.2.1.3.1.2 Oak tree summer joint analysis 
 
Table 4.21 depicts the joint analysis results estimated for the oak tree forest in summer 
conditions. Results show that, on the one hand, 5.8 GHz power decay factor seems to be the 
largest one, for the configuration with the transmitter and the receiver in front of the trees. On 
the other hand, the lower power decay factor has been acquired at 5.8 GHz, but with both, the 
transmitter and the receiver at the back of the trees. 
Regarding reference powers, the largest and the lowest values have been obtained under the 
same conditions than the largest and the lowest power decay factors respectively.  
Figures 4.42-4.47 (“a” and “b”) illustrate the regressions performed to achieve data from table 





Figure 4.42 –Summer oak tree joint analysis, 2.4 GHz, Tx front, Rx angle LoS (a) and 180º 
(b) 
 
















Figure 4.45 –Summer oak tree joint analysis, 3.5 GHz, Tx back, Rx angle LoS (a) and 180º 
(b) 
 











Figure 4.47 –Summer oak tree joint analysis, 5.8 GHz, Tx back, Rx angle LoS (a) and 180º 
(b) 
 




























Rx LoS -38.8 2.72 2.78 0.165 2.84 7.77 0.857 -41.2 2.66 2.91 0.162 3.00 8.68 0.821 
Rx 180º -52.0 2.79 2.55 0.165 3.33 10.7 0.802 -61.6 2.46 2.80 0.148 3.83 14.2 0.847 
3.5 
Rx LoS -39.8 2.61 2.45 0.158 2.52 6.11 0.831 -43.0 2.56 2.53 0.155 2.84 7.78 0.841 
Rx 180º -45.0 3.78 2.82 0.228 4.94 23.6 0.692 -63.6 3.55 2.46 0.214 5.25 26.7 0.703 
5.8 
Rx LoS -32.1 2.08 3.66 0.125 2.38 5.45 0.934 -41.6 2.49 3.35 0.152 2.61 6.58 0.877 
Rx 180º -55.8 3.68 2.84 0.219 4.34 18.1 0.711 -80.7 2.14 1.85 0.126 2.40 5.53 0.804 
 
4.2.1.3.1.3 Oak tree summer comparisons 
 
Once the joint analysis has been performed, two comparisons may be done according to 
collected data. The first comparison is that illustrated in figures 4.48 and 4.49 “a” and “b”. This 
comparison tries to evaluate the performance of every frequency depending on the transmitter 
and receiver configuration. Results show that, up to 120 meters, the lower attenuation for every 
system configuration is obtained at 3.5 GHz. Furthermore, the largest attenuation for every 













Figure 4.49 –Summer oak tree frequency joint comparison, Tx back, Rx angle LoS (a) and 
180º (b) 
 
The second analysis compares, for each frequency, the four system configurations. This study 
shows that, for every frequency, the best propagation conditions are provided when the 
transmitter was in front of the transmitter tree and the receiver was located in LoS situation. In 
addition to this, the highest attenuation has been obtained when the transmitter was at the back 
of the transmitter tree and the receiver at 180º (both in the back of their respective trees). 
Regarding intermediate configurations, the best propagation conditions have been obtained 
when the transmitter was located at the back and the receiver in LoS angles. 
 








Figure 4.50 –Summer oak tree situation joint comparison, 2.4 GHz(a), 3.5 GHz(b) and 
5.8 GHz (c) 
 
4.2.1.3.2 Winter conditions 
 
The measurement campaign, in the same oak tree forest, with the same trees, has been 
repeated in winter time, in order to evaluate the influence of the foliage in the signal propagation 
parameters. 
 
4.2.1.3.2.1 Oak tree winter individual analysis 
 
Figures 4.51 to 4.53 depict three examples at the three frequencies that have been studied in 
this research. The mean received powers at each receiving point are presented with a solid black 
square, and the original regression with a solid line. After erasing outliers (marked with a cross) 
from each individual analysis, a new corrected regression line has been represented with a dash-
dotted line. 
Tables 4.22-4.24 illustrate all the results for this individual corrected analysis of the oak tree 
forest under winter conditions. 
Percentage of erased points that have been marked as outliers are below 10% at 3.5 and 5.8 
GHz. However, this value reaches 11% for the 2.4 GHz analysis. 





Figure 4.51 – Winter conditions oak tree regression example at 2.4 GHz, Radial 2, Tx back 
and Rx angle 0º 
 
 
Figure 4.52 – Winter conditions oak tree regression example at 3.5 GHz, Radial 3, Tx back 
and Rx angle 0º 
 





Figure 4.53 – Winter conditions oak tree regression example at 5.8 GHz, Radial 2, Tx front 
and Rx angle 0º 
 
Table 4.22 presents the power decay factors and its associated error for every frequency, 
radial, and system configuration. Table 4.23 shows the reference powers and their errors for the 
same cases. These two tables imply some parallels between results at the three radials for every 
system configuration. Therefore, a radial joint analysis will be presented in the following 
subsection in order to get four general propagation equations for this environment. 
 





Transmitter front Transmitter back 
Radial 1 Radial 2 Radial 3 Radial 1 Radial 2 Radial 3 
𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 𝑛 𝜎𝑛 
2.4 
0º 2.16 0.301 2.98 0.231 1.71 0.280 2.42 0.210 2.83 0.300 2.39 0.333 
180º 2.15 0.187 1.99 0.315 2.17 0.256 2.00 0.302 2.61 0.363 1.93 0.293 
3.5 
0º 2.51 0.232 2.80 0.375 2.78 0.282 2.05 0.220 2.26 0.381 2.62 0.313 
180º 2.14 0.300 2.39 0.245 2.90 0.451 1.57 0.128 2.23 0.390 2.51 0.195 
5.8 
0º 2.76 0.330 2.30 0.271 2.70 0.282 2.02 0.211 2.60 0.346 1.60 0.400 
180º 2.38 0.420 2.26 0.279 2.94 0.267 1.70 0.180 1.97 0.205 1.83 0.250 
 






Transmitter front Transmitter back 


























0º -51.6 5.01 -41.0 3.67 -53.3 4.81 -55.9 3.35 -49.5 4.88 -56.1 5.80 
180º -55.6 3.14 -61.1 5.12 -53.4 4.59 -68.2 5.05 -57.8 6.08 -69.9 5.14 
3.5 
0º -39.2 3.83 -39.1 6.07 -35.1 4.91 -65.7 3.52 -60.6 6.31 -50.5 5.48 
180º -53.6 5.04 -53.9 4.00 -39.9 7.96 -78.6 2.06 -66.8 6.47 -59.5 3.41 
5.8 
0º -46.5 5.36 -51.9 4.29 -45.6 4.83 -73.4 3.38 -61.6 5.63 -75.9 7.18 
180º -60.9 7.08 -63.6 4.49 -50.1 4.61 -82.1 3.03 -78.4 3.37 -77.5 4.40 
 




Table 4.24 illustrates the error parameters estimated for this individual analysis. Every 
individual regression fitting has been valued according to these fitting parameters in order to 
evaluate the performance of the analysis. 






Transmitter front Transmitter back 
































0º 4.16 15.7 0.753 3.57 11.6 0.902 4.01 14.6 0.676 3.25 9.55 0.887 4.25 16.5 0.824 4.82 21.1 0.741 
180º 2.47 5.52 0.887 4.46 18.2 0.678 2.39 5.13 0.817 4.16 15.7 0.721 3.61 11.8 0.752 3.94 14.1 0.706 
3.5 
0º 3.82 13.3 0.866 4.56 18.8 0.766 4.08 15.1 0.843 4.21 16.2 0.820 4.37 17.4 0.661 3.61 11.8 0.796 
180º 3.88 13.6 0.751 3.09 8.71 0.841 5.22 24.7 0.697 2.46 5.50 0.893 4.07 15.1 0.644 2.57 5.99 0.906 
5.8 
0º 5.72 29.9 0.787 4.10 15.3 0.791 4.06 15.0 0.829 4.06 15.0 0.828 4.36 17.3 0.758 4.03 14.7 0.485 
180º 5.20 24.5 0.654 4.31 17.0 0.776 3.91 14.0 0.865 2.39 5.16 0.840 2.52 5.79 0.837 2.91 7.68 0.748 
 
4.2.1.3.2.2 Oak tree winter joint analysis 
 
After the individual analysis, data from every radial have been jointed as described in section 









Figure 4.55 –Winter oak tree joint analysis, 2.4 GHz, Tx back, Rx angle LoS (a) and 180º 
(b) 
 


















Figure 4.58 –Winter oak tree joint analysis, 5.8 GHz, Tx front, Rx angle LoS (a) and 180º 
(b) 
 






Figure 4.59 –Winter oak tree joint analysis, 5.8 GHz, Tx back, Rx angle LoS (a) and 180º 
(b) 
 




























Rx LoS -53.6 2.62 1.85 0.158 3.45 11.5 0.776 -53.6 2.52 2.06 0.153 3.51 11.9 0.779 
Rx 180º -59.6 2.89 1.93 0.170 3.08 9.14 0.691 -65.5 3.00 2.15 0.176 3.26 10.2 0.719 
3.5 
Rx LoS -34.8 1.91 2.77 0.114 1.97 3.72 0.913 -42.2 2.57 2.62 0.155 2.62 6.59 0.808 
Rx 180º -47.9 3.68 2.57 0.217 4.28 17.7 0.662 -73.7 2.36 1.78 0.141 2.94 8.36 0.748 
5.8 
Rx LoS -46.9 2.20 2.56 0.134 2.92 8.24 0.875 -49.1 1.94 2.69 0.118 2.86 7.90 0.902 
Rx 180º -59.2 3.04 2.48 0.182 4.34 18.2 0.760 -81.8 2.28 1.69 0.134 2.74 7.24 0.744 
 
4.2.1.3.2.3 Oak tree winter comparisons 
 
By adequately grouping data from table 4.25, a frequency comparison may be done for every 
system configuration. Thus, figure 4.60, “a” and “b”, present the received power at 2.4, 3.5 and 
5.8 GHz when the transmitter was in front of the transmitter tree and the receiver was at LoS 
position or 180º, respectively. Both cases present 3.5 GHz as the frequency with the lowest 




Figure 4.60 –Winter oak tree frequency joint comparison, Tx front, Rx angle LoS (a) 
and 180º (b) 
 
When the transmitter is behind the transmitter tree, figures 4.61 “a” and “b”, the response 
varies depending on the receiver location. When the receiver is at LoS angle, 3.5 GHz seems to 




provide the best propagation conditions, and 5.8 GHz offers the largest attenuation. However, 
when the receiver is located behind the receiving tree, the best propagation conditions seems to 
occur at 2.4 GHz, although 5.8 GHz is again the frequency with the largest attenuation. 
  
(a) (b) 
Figure 4.61–Winter oak tree frequency joint comparison,Tx back,Rx angle LoS(a) and 
180º(b ) 
 
Another way of analyzing the results is by comparing the four system configurations for every 
frequency. Figures 4.62 (“a”, “b” and “c”) illustrate that the best propagation conditions occurs 
when both, the transmitter and the receiver are in front of the trees, the largest attenuation arises 
when both antennas are at the back of the trees, and, in the middle, it works better to locate the 





Figure 4.62 –Winter oak tree situation joint comparison, 2.4 GHz(a), 3.5 GHz(b) and 
5.8 GHz (c) 
 




4.2.1.3.3 Oak tree summer vs winter comparisons 
 
Once both summer and winter conditions have been studied, a comparison should be done in 
order to know how the effect of the foliage on the signal attenuation is. Thus, figures 4.63 and 
4.64 (“a” and “b”) present the results for the four system configuration. Each one of these images 
contains six lines: the thicker ones correspond to the winter conditions, without foliage, and the 
other three lines link to the summer conditions. In addition to this, black solid lines refer to 2.4 





Figure 4.63 –Winter vs summer oak tree frequency joint comparison, Tx front, Rx angle 




Figure 4.64 –Winter vs summer oak tree frequency joint comparison, Tx back, Rx angle 
LoS (a) and 180º (b) 
 
Figures 4.63 and 4.64 seem to show that attenuation is quite similar in summer and winter at 3.5 
GHz, for the four system configurations. Furthermore, according to data from tables 4.21 and 4.25, 
it may be concluded that the power decay factor (n) seems to be larger in summer conditions than 
in winter, probably due to the foliage.  
  






As mentioned before, the measurement campaigns carried out in these meadow environments 
were quite different than those performed in woodlands. For instance, the antenna height has 
been changed in order to evaluate its influence on the received power. Thus, data will be 
presented separately for each antenna height: 90, 120 and 160 cm.  
Two radials have been analyzed at each environment. In grasslands, they have 25 points and 
distances reach up 150 meters; in scrublands, each radial consists of 16 points with a maximum 
distance of 32 meters. Thus, figures presented in the following subsections will include data only 
up to these distances. 
These results at meadows have been presented according to the height of the environmental 
vegetation: grasslands (low height) and scrublands (high height). 
 
4.2.2.1 Low Height Vegetation: Grasslands 
4.2.2.1.1 Grassland individual analysis 
 
Initially, as in woodland environments, an individual analysis is presented, for every radial, 
frequency and antenna height. Figures 4.65 to 4.67 illustrate three different examples of the 
grassland analysis: figure 4.65 presents the double regression fitting achieved in grasslands, at 2.4 
GHz, in the radial 2 and with an antenna height of 90 cm.  
 
Figure 4.65 – Grassland regression example at 2.4 GHz, Radial 2, 90 cm antenna height 
 
Figure 4.66 illustrates a 3.5 GHz example, for the radial 1 and an antenna height of 90cm. As at 
2.4 GHz, in this case a double regression seems to fit better the data than a single one. 






Figure 4.66 – Grassland regression example at 3.5GHz, Radial 1, 90 cm antenna height 
 
 
Figure 4.67 – Grassland regression example at 5.8 GHz, Radial 1, 160 cm antenna height 
 
Finally, figure 4.67 shows an instance of the regressions accomplished in grasslands, at 5.8 GHz, 
radial 1 and with an antenna height of 160 cm. A single regression appears to fit better in this last 
example, according to the collected data. 
Figures 4.65 and 4.66 do not show any outlier, because when a double regression fitting 
worked better, the outlier avoiding script has not been applied. This strategy may be explained 
from the perspective of the number of points. When using a double linear fitting, the number of 




points employed to carry out every regression, is, in average, half the number of the initial points. 
Thus, the influence of every point in the regression result seems to be stronger. Therefore, every 
single point has been taken into account when double linear regression fit better. However, when 
the single regression was the best solution, the outliers have been deleted as in the previous 
section, as depicted in figure 4.67. 
Tables 4.26 to 4.28 present the long term analysis parameters obtained for the individual 
analysis in the grassland environment. Data is presented separately for each radial, frequency and 
antenna height. Thus, table 4.26 shows five numerical values for each case: the first one is the 
power decay factor of the first regression line (n1); the second parameter depicts the associated 
error of n1; the following columns indicates, in meters, the distance at which the slope changes 
(dbreak); the following two columns show the power decay factor and its associated error for the 
second regression line. Then, the last five columns present the same data for the radial 2. Cells 
containing a dash mean that a single regression fits better in that case, so only data of one 
regression is showed. 
 






Radial 1 Radial 2 
Regression 1 𝑑𝑏𝑟𝑒𝑎𝑘 
[m] 
Regression 2 Regression 1 𝑑𝑏𝑟𝑒𝑎𝑘 
[m] 
Regression 2 
𝑛1 𝜎𝑛1  𝑛2 𝜎𝑛2  𝑛1 𝜎𝑛1  𝑛2 𝜎𝑛2  
2.4 
0.90 1.74 0.163 19.3 4.21 0.377 1.96 0.129 40.6 4.64 0.292 
1.20 1.94 0.110 30.4 3.77 0.320 2.19 0.0420 43.7 3.00 0.453 
1.60 1.91 0.144 79.0 3.49 0.595 2.11 0.0651 112 4.71 1.18 
3.5 
0.90 1.68 0.101 19.0 3.42 0.510 2.24 0.0570 18.0 2.51 0.249 
1.20 1.95 0.102 50.2 3.14 0.525 1.94 0.0464 92.9 2.26 0.606 
1.60 1.92 0.0776 - - - 1.91 0.0647 - - - 
5.8 
0.90 2.02 0.137 32.9 4.12 0.407 2.15 0.0646 93.8 4.08 0.924 
1.20 1.91 0.103 35.5 3.66 0.404 1.84 0.0744 116.6 2.98 0.680 
1.60 1.99 0.0627 - - - 2.06 0.0848 - - - 
 
Data from table 4.26 depict that the power decay factor seems to be around the free space 
factor (2) for the regression 1, and increases its value after a distance dbreak in meters. This break 
point distance appears to increase its value as the antenna height and the frequency do. 
Furthermore, the increment on dbreak seems to finalize reaching values larger than the range 
distances under analysis, so these break points may not be determined. In these cases, 3.5 and 
5.8 GHz at 1.60 m antenna height, a single regression has been accepted as the best solution. 
 






Radial 1 Radial 2 


















0.90 -48.2 1.26 -16.4 6.64 -51.5 1.40 -8.29 5.50 
1.20 -49.1 1.08 -21.8 5.87 -49.3 0.434 -36.0 8.41 
1.60 -50.7 1.91 -20.8 12.0 -45.8 0.928 7.45 24.7 
3.5 
0.90 -49.1 1.09 -26.8 9.60 -45.1 0.618 -41.7 4.69 
1.20 -48.8 1.11 -28.7 9.87 -46.5 0.65 -40.4 12.5 
1.60 -48.3 1.20 - - -46.9 1.00 - - 
5.8 
0.90 -53.3 1.26 -21.5 7.38 -49.2 0.879 -11.1 18.8 
1.20 -51.6 1.01 -24.4 7.42 -51.5 1.06 -28.0 14.2 
1.60 -50.9 0.972 - - -51.6 1.31 - - 




The structure of table 4.27 is very similar to the previous one; the main difference is that the 
dbreak column has not been included to avoid data repetition. Thus, table 4.27 shows the reference 
powers and their associated errors for each radial, regression, frequency and antenna height. 
Finally, table 4.28 presents the associated parameters for every study: PE, WMSE, r2 and the 
error, which follows the function defined in equation 4.17. 
 




















0.90 3.68 13.3 0.907 12.75 2.10 3.81 0.958 3.62 
1.20 2.28 4.74 0.939 4.59 2.20 5.82 0.878 6.44 
1.60 2.93 7.94 0.905 7.61 1.70 2.50 0.967 2.42 
3.5 
0.90 2.63 6.57 0.881 6.96 1.35 1.67 0.946 1.74 
1.20 2.69 6.91 0.865 7.60 1.17 1.18 0.956 1.24 
1.60 2.28 4.80 0.964 4.45 1.90 3.33 0.974 3.13 
5.8 
0.90 3.13 9.33 0.912 9.09 1.75 2.70 0.948 2.73 
1.20 2.66 6.90 0.909 6.91 1.77 2.90 0.960 2.77 
1.60 1.84 3.13 0.978 2.94 2.48 5.72 0.962 5.27 
 
4.2.2.1.2 Grassland joint analysis 
 
After the individual analysis of the grassland data, some conclusions may be presented: 
a) There are some similarities among the individual results for every radial. 
b) The single regression fits better for the same antenna height and frequencies on both 
radials. 
c) Break distances show an upward trend as the antenna height and the frequency increase 
for both radials. 
These conclusions take to join the data from both radials to create only one hypothetical 
radial. The received power of every single point of this new radial has been estimated as the 
average of the 602 power samples collected on both radials at each distance. The outlier avoiding 
script has been applied in the individual analysis when it was possible. 
 









Regression 2 Errors 
















0.90 1.67 0.132 -50.1 1.12 18.7 3.91 0.276 -21.5 4.94 2.49 5.76 0.941 3.87 
1.20 2.05 0.0451 -49.0 0.490 33.7 3.42 0.461 -27.1 8.66 1.99 4.58 0.911 5.86 
1.60 2.03 0.0800 -47.6 1.11 86.1 3.45 0.914 -20.1 18.9 1.96 3.36 0.943 19.9 
3.5 
0.90 1.90 0.0639 -47.3 0.586 21.7 3.02 0.208 -32.3 3.77 1.57 2.39 0.957 0.695 
1.20 1.91 0.0472 -47.7 0.53 42.3 2.32 0.271 -41.0 5.16 1.24 1.45 0.939 3.39 
1.60 1.90 0.0322 -47.5 0.499 - - - - - 0.943 0.824 0.993 0.854 
5.8 
0.90 2.16 0.052 -50.2 0.689 65.9 3.43 0.574 -27.0 11.5 1.38 1.69 0.959 1.57 
1.20 1.93 0.0425 -51.0 0.564 71.4 2.55 0.402 -39.5 8.09 1.07 0.996 0.964 6.67 
1.60 1.98 0.0367 -51.4 0.569 - - - - - 1.08 1.07 0.992 1.08 
 




Table 4.29 illustrates the fitting data obtained for the joint analysis. This table shows the 
power decay factors, the reference powers and their associated errors for every frequency, 
antenna height and regression. Furthermore this table includes the break distance, the prediction 
error, the WMSE, the correlation factor and the error function for every frequency and antenna 
height. 
Data from table 4.29 have been obtained from the regressions presented in figures 4.68 to 
4.70. The three images presented in figure 4.68 depict the joint analysis performed at 2.4 GHz in 
grasslands at three antenna heights: (a)-90 cm, (b) 120 cm and (c) 160 cm. These figures perfectly 
show the evolution of the break distance with the antenna height. This progress may be explained 







Figure 4.68 –Grassland joint analysis, 2.4 GHz, 90 cm(a), 120 cm(b) and 160 cm(c) 
antenna height 
 
Graphics from figures 4.69 and 4.70 depict the joint analysis at 3.5 GHz and 5.8 GHz 
respectively, for the three frequencies under analysis. In this case, it must be highlighted that 
when the antenna height was 160 cm the break distance seems to fall out of the distance ranges 
under study, so it cannot be represented. 















Figure 4.70 –Grassland joint analysis, 5.8GHz, 90 cm(a), 120 cm(b) and 160 cm(c) 
antenna height 
 




4.2.2.1.3 Grassland comparisons 
 
According to data from table 4.29, some comparisons should be done regarding the 
frequencies and antenna heights. The three images in figure 4.71 depict an assessment of the 
received power at the three frequencies separately for every one of the antenna heights. For 
instance, (a) illustrates the comparison of the received power with 90 cm of antenna height. 
According to this figure, 2.4 and 3.5 GHz seems to provide the best propagation conditions for 
short range distances (up to 45 meters). However, for larger distances, 3.5 and 5.8 GHz appears 
to show lower attenuation. Figure 4.71 (c) shows that, when the antenna height is 160 cm, the 
environment attenuation behavior seems to be the same for the whole range distance. Thus, 3.5 






Figure 4.71 –Grassland antenna height joint comparison, 90 cm(a), 120 cm(b) and 160 
cm(c) antenna height 
 
Another simple comparison that may be accomplished arises when representing data by the 
antenna height. Images from figure 4.72 show, for every frequency, the received power at the 
three antenna heights, in order to evaluate the antenna height performance. These figures show 
that, the range distance increases as the antenna height does, regardless of frequency. 
 
















4.2.2.2 High Height Vegetation: scrublands 
4.2.2.2.1 Scrubland Individual analysis 
 
Initially, all the data gathered in this measurement campaign have been analyzed individually, 
as in previous environments. Figures 4.73 to 4.75 illustrate three examples of the received power 




Figure 4.73 – Scrubland regression example at 2.4 GHz, Radial 1, 120 cm antenna height 
 
 
Figure 4.74 – Scrubland regression example at 3.5 GHz, Radial 1, 90 cm antenna height 
 





Figure 4.75 – Scrubland regression example at 5.8 GHz, Radial 3, 160 cm antenna height 
 






Radial 1 Radial 2 
Regression 1 𝑑𝑏𝑟𝑒𝑎𝑘 
[m] 
Regression 2 Regression 1 𝑑𝑏𝑟𝑒𝑎𝑘 
[m] 
Regression 2 
𝑛1 𝜎𝑛1  𝑛2 𝜎𝑛2  𝑛1 𝜎𝑛1  𝑛2 𝜎𝑛2  
2.4 
0.90 2.78 0.375 18.4 6.18 1.56 3.16 0.306 23.9 10.8 1.50 
1.20 1.91 0.205 9.02 5.35 1.16 2.30 0.242 14.1 4.77 0.975 
1.60 1.86 0.270 7.98 4.81 0.985 1.72 0.148 11.9 5.02 1.04 
3.5 
0.90 2.33 0.235 5.79 4.95 0.728 1.99 0.226 7.95 5.80 1.59 
1.20 1.85 0.143 7.79 4.89 0.597 1.85 0.144 13.5 7.66 1.11 
1.60 2.19 0.249 13.2 4.70 0.824 2.12 0.207 16.2 8.25 1.90 
5.8 
0.90 2.61 0.256 8.56 5.57 0.505 2.03 0.204 6.14 6.00 1.02 
1.20 2.27 0.0709 11.2 6.05 1.03 2.02 0.208 10.7 6.62 0.855 
1.60 2.40 0.200 20.1 7.04 1.98 2.12 0.107 15.1 6.92 1.02 
 






Radial 1 Radial 2 


















0.90 -44.1 2.95 -1.04 21.2 -44.2 2.83 61.7 21.6 
1.20 -47.9 1.50 -15.0 15.6 -46.6 1.61 -18.1 12.8 
1.60 -48.8 1.37 -22.2 12.3 -53.8 1.24 -18.2 14.4 
3.5 
0.90 -44.8 1.57 -24.9 9.55 -46.1 1.65 -11.7 21.2 
1.20 -46.0 1.04 -18.9 7.98 -47.2 1.06 18.5 14.9 
1.60 -46.0 1.66 -17.8 10.8 -45.0 1.63 29.2 25.9 
5.8 
0.90 -51.2 1.30 -23.6 6.33 -53.5 1.49 -22.2 13.7 
1.20 -52.1 0.419 -12.5 13.3 -53.3 1.23 -6.07 11.0 
1.60 -52.0 1.68 8.44 27.4 -52.3 0.839 4.4 13.8 
 
Since these figures are only some examples, data from the whole analysis is depicted in tables 
4.30 to 4.32. The data format is the same as the one presented in the previous section, focused 
on woodlands. Thus, table 4.30 illustrates the power decay factors, their associated errors and the 
break distances for every frequency, radial and antenna height. Furthermore, table 4.31 shows 




the reference powers and their errors, and finally, table 4.32 depicts all the error parameters that 
have been estimated in this analysis. 
 




















0.90 4.63 17.2 0.831 17.8 3.89 13.9 0.926 13.0 
1.20 3.31 9.65 0.857 10.4 3.53 10.9 0.850 11.8 
1.60 5.11 25.9 0.793 29.7 2.17 3.81 0.910 3.88 
3.5 
0.90 2.87 6.85 0.905 6.81 4.22 16.7 0.809 19.7 
1.20 1.90 2.99 0.942 2.97 2.88 7.98 0.926 7.76 
1.60 3.17 8.47 0.874 8.73 3.95 14.4 0.873 15.1 
5.8 
0.90 2.88 7.32 0.944 6.88 3.03 7.88 0.897 7.91 
1.20 3.78 16.9 0.880 17.6 3.60 12.4 0.911 12.0 
1.60 3.46 10.2 0.877 10.9 2.09 4.06 0.948 4.00 
 
Individual results show that, for instance, a double regression fitting seems to be necessary for 
every case. In addition to this, results provided by the two radials appear to be quite similar, so a 
joint analysis seems to be justified. 
 
4.2.2.2.2 Scrubland joint analysis 
 
The individual analysis shows some similitudes between the results obtained for each radial, 
so these data has been mixed in order to obtain one general path-loss propagation equation for 
each antenna height and frequency. Table 4.33 presents the results for this joint analysis. This 
table provides all the regression fitting parameters, the break distances and the error parameters. 
 









Regression 2 Errors 
















0.90 2.35 0.502 -45.3 2.07 4.84 3.72 0.541 -36.0 6.60 4.00 13.8 0.848 11.8 
1.20 2.05 0.130 -47.3 0.95 11.0 4.89 0.939 -17.7 12.6 2.47 5.78 0.897 5.90 
1.60 1.88 0.188 -50.3 1.25 11.1 4.93 0.583 -18.6 7.64 2.29 4.37 0.929 4.54 
3.5 
0.90 2.19 0.252 -45.3 1.68 9.59 6.27 9.74 -5.28 12.76 3.81 12.1 0.848 1.42 
1.20 1.85 0.129 -46.5 0.942 11.7 6.47 0.788 2.86 10.5 2.18 4.29 0.945 1.05 
1.60 2.05 0.085 -45.7 0.666 14.0 5.67 0.910 -4.27 12.4 1.79 3.13 0.944 0.12 
5.8 
0.90 2.22 0.241 -52.6 1.42 8.79 6.42 0.692 -12.9 8.88 3.14 8.72 0.930 6.45 
1.20 1.99 0.136 -53.2 0.902 9.91 5.94 1.11 -13.8 14.5 3.41 12.2 0.880 1.11 
1.60 2.27 0.096 -52.0 0.847 18.2 7.10 2.16 8.86 30.5 2.21 4.85 0.921 0.77 
 
Images from figures 4.76-4.78 include all the received power data used to obtain table 4.33, 
and the double linear regressions performed.  
 



























Figure 4.78 –Scrubland joint analysis, 5.8 GHz, 90 cm(a), 120 cm(b) and 160 cm(c) 
antenna height 
 
4.2.2.2.3 Scrubland comparisons 
 
As in grassland environment, there are two ways of comparing the results obtained in this 
campaign. The first one comes up when joining the regressions by frequency. Thus, pictures “a”, 
“b” and “c” from figure 4.79 compare the estimated received power depending on the frequency 
for 90 cm, 120 cm and 160 cm antenna height respectively. For instance, when the antennas are 
at 90cm, 3.5 GHz seems to provide the best propagation conditions up to 12 meters, 
approximately; however, for larger distances, 2.4 GHz appears to work better. At 120 cm, the 
performance is quite similar, but the change is produced at around 18 meters. When the antennas 
are at the top, 3.5 GHz appears to offer the lower attenuation for all the range distances, and 5.8 
GHz the worst one. 
Finally, pictures “a”-“c” from figure 4.80 represent the comparison regarding antenna height. 
Thus 160 cm seems to provide the best propagation conditions for every frequency, regardless of 
2.4 GHz, where 120 cm runs quite better. 















Figure 4.80 –Scrubland frequency joint comparison, 2.4 GHz (a), 3.5 GHz (b) and 5.8 
GHz(c) 
 





This chapter has presented the long term analysis of all the received power samples gathered 
along 6 different environments. More than 2.3 million of power samples were stored and 
processed in order to get the results presented in this chapter. 
Initially, an individual analysis has been developed for every radial, receiver and transmitter 
position, antenna height or frequency. After the initial analysis of the results, some similarities 
were detected among those obtained at different receiver angle positions or radials, so these data 
have been jointed together in order to obtain the general propagation equations for each 
environment, frequency and antenna height, as well as transmitter or receiver position. 
Every single result appears to fit quite well a simple or double log-linear relation as depicted in 
equations 4.3 and 4.14 for woodlands and meadows respectively. 
 
 
Figure 4.81 – Free space, ITU-R P833.7, Weissberger, Konstantinou and results 
comparison at 2.4 GHz 
 
 
The propagation study predictions have been compared to the actual measurement outcomes, 
providing prediction errors between 0.943 and 4.94 dB, which are in the same magnitude order 
of those provided by ITU-R Recommendation P.833 (ITU, 2012), intended for base station to 
mobile terminal radio links in vegetation environments. The three images of figure 4.81 appear to 
show that results provided by this ITU-R recommendation overestimate the attenuation of the 
vegetation media for the three frequencies under analysis. This may be caused by the peer to peer 




propagation conditions performed in this study, which seems to be quite different than the 
classical configuration used in this recommendation.  
 
Figure 4.82 – Free space, ITU-R P833.7, Weissberger and results comparison at 3.5 GHz 
 
 
Figure 4.83 – Free space, ITU-R P833.7, Weissberger and results comparison at 5.8 GHz 
 




Since this ITU-R recommendation establishes that the parameters defined in equation (2.1) are 
very environment-dependent, a new fitting model have been tried involving this equation for 
every single environment, in order to obtain parameters 𝛾 and 𝐴𝑚 from this equivalence. Thus, 
figure 4.84 presents four different examples of this ITU-R model fitting. For instance, image (a) 
presents 3.5 GHz data fitting for the pine tree environment when the transmitter was located at 
the back of the transmitter tree and the receiver was in LoS. In this picture, the excess attenuation 
seems to increase continuously for the range distance under analysis, and the ITU-R model seems 
not to fit quite well the measurement data. The same occurs in picture (b), at the same frequency 






Figure 4.84 ITU-R P833 recommendation fitting examples: (a)3.5 GHz, pine tree, Tx 
back Rx LoS; (b) 3.5 GHz oak tree summer Tx back Rx LoS; (c) 2.4 GHz Eucalyptus Tx 
front Rx front  and (d) 5.8 GHz pine tree Tx front Rx front 
 
Another example is shown in picture (c), where 2.4 GHz data is presented for the oak tree forest 
under summer conditions with the transmitter in front of the tree and the receiver in LoS 
conditions. In this case, the measured data do not describe any tendency with the distance 
between transmitter and receiver. Finally, image (d) present data and fitting for the pine tree 
forest at 5.8 GHz with both the transmitter and the receiver in LoS location. In this last case, the 
recommendation seems to fit quite well the data, and both parameters, 𝛾 and 𝐴𝑚  have been 
determined as 0.391dB/m and 15.3 dB respectively. Although the model appears to work fine for 
this environment, frequency, and system configuration, the experience and test show that this 




model only works for 10% of the proposed situations (different frequency band, environment and 
system configuration). 
In addition to this, results from (Weissberger, 1982) at the three frequencies under analysis are 
shown with diamonds in figures 4.81 to 4.83. This comparative shows that the Weissberger model 
seems to be valid only for the first 15 meters for the three frequencies and the 6 environments. 
However, when the receiver is at larger distances, the model overestimates propagation losses 
with differences up to 20 dB at 2.4 GHz, 25 dB at 3.5 GHz and 30 dB at 5.8 GHz. A generalization 
of the equations with a dependence on the frequency band, such as the one provided by 
Weissberger’s, have been tried, but results were not successful, and probably more frequency 
bands should be analyzed. 
Another comparison has been performed too for 2.4 GHz frequency band. In figure 4.81, three 
new propagation models are compared. These new models have been obtained from 
(Konstantinou, et.al., 2011). They have developed three different propagation model: the first one 
is for LoS conditions between transmitter and receiver, with a single slope, and it is represented 
by “Kons-LoS-1” in the legend; the second one is based on a two slope model, and it is represented 
by “Kons-LoS-2” in the legend. Finally, the last model presented by Konstantinou involves NLoS 
conditions, and it has been labelled as “Kons-NLoS” in the legend. Figure 4.81 shows how the LoS 
single slope model underestimates propagation losses, compared with the path loss models 
presented for every environment. Double slope model matches quite well our measurements up 
to the break point. After that, propagation losses are again underestimated. Finally, NLoS model 
overestimate propagation attenuation for every single scenario.  
Thus, following the obtained results, an estimation of the range coverage at -90 dBm at the 
receiver location has been done, which would be a good indicative of the actual coverage of a 
typical wireless network node. According to provided results (Images “a”, “b” and “c” from Figure 
4.81), pine tree along with summer oak tree forest seem to be the forests presenting the worst 
propagation conditions for the three frequencies, as they induced larger attenuations. In addition 
to this, eucalyptus and winter oak tree forests appear to provide the lower attenuation. These 
results may be caused by the larger density of trees existing in the pine tree and oak tree forests. 
Furthermore, the presence of foliage in the oak tree forest seems to affect the received average 
power.  
Data from (Imperatore, Salvadori, & Chlamtac, 2007) shows that the path loss exponent 
parameter takes values around 2.5 for the best fitting model (BF) at 3.5 GHz, which is quite similar 
to the results obtained in the eucalyptus and oak tree summer environments for the transmitter 
front and receiver in LoS locations at 3.5 GHz. However, this result might be only a coincidence, 
since distances analyzed in (Imperatore, Salvadori & Chlamtac, 2007) are much larger than those 
used in our study, and the path between transmitter and receiver passes throught very different 
kinds of forests and environments.  
In (Benzair, 1995), the attenuation induced by a single tree under summer and winter has been 
presented, and the effect of the foliage under summer conditions have been analyzed too. Results 
show that the attenuation induced by a tree under summer conditions is between 0.960dB/m at 
2.4 GHz, and 1.21 dB/m per meter of path obstructed by foliage. However, these values under 




winter conditions, without foliage, are 0.525 and 0.617dB/m at 2.4 GHz and 3.5 GHz respectively. 
Thus, the specific attenuation per meter of canopy between transmitter and receiver, seems to 
be half in winter than in summer. Qualitative speaking, these results match in some way with 
those obtained at the oak tree forest, where the attenuation factor of the forest increases 
substantially under summer conditions at 2.4 GHz. However, 3.5 GHz results are quite similar for 
both seasons, which does not agree with the Benzair results. This difference could be caused by a 
different tree specimen, or even by the environmental conditions. 
Conclusions obtained by (Perras & Bouchard, 2002) at 2.45 and 5.25 GHz regarding the foliage 
effect seems to be related to those presented in section 4.2.1.3.3. Perras and Bouchard conclude 
that the propagation through foliage is strongly frequency affected. Our study even conclude that, 
at 3.5 GHz, just in the middle of these two frequency bands, the oak tree foliage effect seems not 
to be too much important. This could be caused, as Perras and Bouchard say, by the size of the 
leaves, and its relation with the wavelength, which in this case is 8.57 cm, very similar to the oak 
tree leaf sizes presented in 3.1.1.3. 
Regarding meadows environments, on the one hand, grasslands seem to offer the best 
propagation conditions among the six environments under study. On the other hand, large 
scrublands seem to represent the worst propagation environment, reaching -90 dBm at only 27 
m at 2.4 GHz, less than 25% the grassland range coverage. 
The provided attenuation model, as well as the measured data, could be interesting for easily 
planning wireless networks in rural vegetation areas, which are going to be one of the challenges 
for radio communications in next years. 
  







































Once the long-term results were analyzed, and the received signal strength variation with the 
distance between transmitter and receiver has been presented, the short-term variations of the 
received signal need to be examined. The initial model proposed in equations (4.3) and (4.14) 
maybe modified in order to include a short-term variation parameter, as reflected in section 5.1. 
The following section 5.2 presents the short-term variation results for every environment, 
frequency and system configuration. Finally, section 5.3 depicts some conclusions regarding this 
chapter. 
5.1 Peer to peer short-term 
model fundamentals 
Initially, the propagation equations defined in chapter 4 only contained the long-term 
attenuation parameters, but nothing regarding the short-term variations had been included. In 
order to solve this issue, equations (4.3) and (4.14) have been completed as depicted in equations 
(5.1) and (5.2). 
𝑃 = 𝑃0 − 10 · 𝑛 · log10(𝑑) ± 𝛿(𝑑)/2 (5.1) 
  
𝑃 = 𝑃01 − 10 · 𝑛1 · log10(𝑑) ± 𝛿(𝑑)/2; 𝑑 < 𝑑𝑏𝑟𝑒𝑎𝑘 
𝑃 = 𝑃02 − 10 · 𝑛2 · log10(𝑑) ± 𝛿(𝑑)/2 ; 𝑑 ≥ 𝑑𝑏𝑟𝑒𝑎𝑘 
(5.2) 
 
The original equations have been now complemented with the δ(d) function, which provides 
the evolution of the 95% (or 50%) confidence interval, Q95 or (Q50%), as a function of the distance 
between transmitter and receiver at each receiving point. 




Thus, four percentiles were obtained at each receiving point by using the 301 or 3010 power 
samples: 2.5, 25, 75 and 97.5 %. With the aid of these percentiles, the interquartile range (P75%-
P25%=Q50%) and the Q95% (P97.5%-P2.5%) were calculated for each receiving point. These 
ranges have been calculated as the difference between the percentiles showed in brackets. 
Percentiles are preferred for this short term analysis because they better allow understanding 
how the concentration of the received power samples around the mean value is. Figure 5.1 depicts 
an example of the percentile and range estimation. Percentiles have been obtained with the aid 
of the “prctile” Matlab function. Since all the received power percentile values were obtained in 
dBm, all the range estimations will be measured in dB. 
 
 
Figure 5.1 Example of the percentile and ranges Q50% and Q95% estimation 
 
Afterwards, all these range values were plotted for the different distances, and a linear relation 
appears to exist for every environment, radial, frequency and system configuration (as shown in 
example from figure 5.2). So, defining δ(d) as a linear function (equation 5.3) that provides, in dB, 
the 95% (or 50%) confidence interval at each measurement point, the parameter “a” shows how 
the increment of the 95% (or 50%) of the confidence interval with distance is. Parameter “d” is 
the distance in meters between transmitter and receiver, and “b” represents the value of the 
confidence interval at the transmitter. 
 





Figure 5.2 Example of the Q50% and Q95% regression for grasslands at 2.4 GHz and 160 
cm antenna height 
 
𝛿(𝑑) = 𝑎 · 𝑑(𝑚) + 𝑏 (5.3) 
 
Finally, some common cumulative distribution functions (CDF) have been tested in order to 
evaluate which one fits better the received signal data. The Kolmogorov-Smirnoff test (Frank J. 
Massey, 1951) has been used to determine which CDF best represents the signal data. This test 
appears to show that over 85% of the received power samples (in mW) at every environment 
seem to fit a Weibull cumulative distribution function. This distribution has been largely used in 
very different propagation measurements to model channel fading (Cheng, Tellambura, & 
Beaulieu, 2003), rainfall effects (Meng, Lee, & Ng, 2009) (Qingling & Li, 2006), signal attenuation 
(Shepherd, 1977) and even indoor channels (Cuiñas & Sánchez, 2001).  
A random variable X has a Weibull distribution with parameters 𝜆 and k, both greater than 0, if 
the pdf of X is the one presented in equation (5.4). In this equation, k represents the scale 
parameter, and it affects the pdf spreading. The other parameter, 𝜆, is known as the shape 
parameter or the Weibull slope. 








   𝑥 ≥ 0
0                                𝑥 < 0 
 (5.3) 
 
This two parameters have been obtained for every single reception point where the 
Kolmogorov-Smirnoff test verifies the Weibull distribution. Then, both parameter values have 
been individually represented along every environment radial, in order to obtain the general 
performance. 




To get the relationship between the Weibull CDF parameters (k and 𝜆 ) and the distance 
between transmitter and receiver, some transformations have been performed. For instance, 
when trying to adjust the evolution of the parameter k with the distance, it has been discovered 
that this analysis should be done with the estimated parameter k values in logarithmic units as 
well as the distance values, the same way as in the long term analysis. Figure 5.3 presents an 
example of the k values obtained for the pine tree environment when both the transmitter and 
the receiver were at the back of the tree trunks. Equation 5.4 shows the initial relation and 
equation 5.5 the transformation that has been used to perform this analysis. 
 
 
Figure 5.3 Example of the Weibull parameter k evolution with distance values and 
regression 
 
𝑘[𝑚𝑊] = 𝑘0[𝑚𝑊] · 𝑑
−𝑛𝑘  (5.4) 
𝐾[𝑑𝐵𝑚] = 𝐾0[𝑑𝐵𝑚] − 10 · 𝑛𝐾 · log10 𝑑[𝑚] (5.5) 
 
Parameter K0 [dBm] represents the origin ordinate of the regression line and nK characterizes 
the slope of the linear fitting performed. 
Furthermore, this scale parameter k seems to fit, in some cases, a double linear regression, with 
a break point at a distance 𝑑𝑏𝑟𝑒𝑎𝑘 where the slope 𝑛𝐾𝑖 changes. The developed process and the 
equations have been obtained the same way as in the long term analysis (Equation 4.14), so two 
K0 and two nK have been obtained according to this double linear regression process. 
Regarding the shape parameter 𝜆, it has been obtained a linear relation with the distance in 
meters and 10 log10 𝜆 . The slope parameter has been labelled as 𝑛𝜆, and the origin ordinate as 
𝜆0. Equation 5.6 shows this relation. 




𝜆[𝑑𝐵] = 𝜆0[𝑑𝐵] − 𝑛𝜆 · 𝑑[𝑚] (5.6) 
 
The analysis of this Weibull shape parameter shows a double linear regression in some 
environments, the same way as in the scale parameter. Thus, two 𝜆0  and two 𝑛𝜆  have been 
estimated in these system configurations. Figure 5.4 depicts an example of the 𝜆  Weibull 
parameter evolution with distance for the scrublands scenario at 120 cm antenna height. 
 
Figure 5.4 Example of the Weibull parameter 𝝀 evolution with distance values and 
regression lines 
 
5.2 Peer to peer short-term 
model adjustments 
This section tries to present the values obtained for the short-term variations proposed model, 
complementing the results depicted for the long-term analysis in section 4.2. As in section 4.2, 
results have been separated into forest and meadow environments in order to facilitate their 
comparison and the association between long and short-term results. 
For every environment, radials have been analyzed individually, as in the long term results, but 
joint results are only presented and compared, in order to simplify the short-term outcomes. 
Therefore, both two parameters of 𝛿(𝑑) (“a” and “b” in equation 5.3) are estimated for every 
environment, frequency, system configuration and percentile range (Q50% and Q95%). 
Furthermore, the figures that allow the estimation of this parameters along with the regression 
line are presented too. Finally, for every environment, a brief comparison is presented regarding 
frequencies and system configurations. 
As far as CDF analysis is concern, one single example of a theoretical vs actual Weibull 
cumulative function is shown for every environment, in order to check their similarities. After that, 
the shape and scale parameters have been estimated and represented for every radial and 




antenna position, with the aim of evaluate their evolution with the distance and the parameters 
of equations 5.5 and 5.6. 
5.2.1 Woodlands 
This first subsection presents the short-term results and the comparisons performed in the 
woodland environments. Woodland results, as in the long-term section, have been separated 
according to the predominant specimen at each environment: pine trees, eucalyptus trees and 
deciduous oak trees.  
5.2.1.1 Pine tree environment 
5.2.1.1.1 Pine tree short-term joint analysis 
Short term results for the pine tree environment are presented in table 5.1. This table presents 
the parameters “a” and “b” of equation (5.3) for every frequency, percentile range and system 
configuration. According to these data, the rhythm of the signal spreading increases with the 
frequency for every system configuration. Furthermore, in general, the transmitter front 
configuration seems to show lower spreading results than the transmitter back one, probably due 
to the shadow caused by the transmitter tree trunk. Besides, these spreading factors (“a”) appear 
to be more than double comparing the transmitter front and back configurations for the same 
receiver location. The same thing seems to occur when comparing both two receiver possible 
positions. 
 






Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
Q50% 
a [dB/m] 0.00292 0.00732 0.00518 0.0212 
b [dB] 0.585 0.492 0.675 0.421 
Q95% 
a [dB/m] 0.00956 0.0222 0.0161 0.0689 
b [dB] 1.67 1.34 1.92 1.11 
3.5 
Q50% 
a [dB/m] 0.00778 0.0144 0.0236 0.0443 
b [dB] 0.102 0.0833 0.000 0.000 
Q95% 
a [dB/m] 0.0248 0.0434 0.0713 0.128 
b [dB] 0.217 0.183 0.000 0.000 
5.8 
Q50% 
a [dB/m] 0.0203 0.0505 0.0524 0.0590 
b [dB] 0.125 0.000 0.000 0.916 
Q95% 
a [dB/m] 0.0700 0.153 0.166 0.165 
b [dB] 0.283 0.0710 0.000 3.15 
 
Figures 5.5 to 5.10 illustrate the regression fittings and the ranges data obtained for every 
frequency and system configuration. Every one of these images shows 8 different entries in its 
legend:  
- Triangles represent every single point where both two ranges (Q50% and Q95%) have been 
estimated for the receiver in LoS angles. The black one depicts the Q50% data and the grey 
one the Q95% data. 
- The solid lines illustrate the regressions performed with the triangle points, matching the 
same color  
- Squares show the same data, when the receiver is located at the back of the receiving tree, at 
180º. 




- Finally, the dashed lines show the regressions for the Rx back location with the same color 
configuration than the squares. 
 
Figure 5.5 –Pine tree short–term joint analysis, 2.4 GHz, Tx front 
 
 
Figure 5.6 –Pine tree short–term joint analysis, 2.4 GHz, Tx back 
 





Figure 5.7 –Pine tree short–term joint analysis, 3.5 GHz, Tx front 
 
 
Figure 5.8 –Pine tree short–term joint analysis, 3.5 GHz, Tx back 
 





Figure 5.9 –Pine tree short–term joint analysis, 5.8 GHz, Tx front 
 
 
Figure 5.10 –Pine tree short–term joint analysis, 5.8 GHz, Tx back 
 
5.2.1.1.2 Pine tree short-term comparisons 
The previous section presents all the short-term results for the pine tree environment, with 
the individual range estimation points at every distance, and the linear regressions performed 
with every group of points. Therefore, a comparison between different system configurations and 
frequency may be accomplished. First of all, an evaluation of the short-term variation behavior 
with the system working at different frequencies is presented in images (a) and (b) from figures 
5.11 and 5.12. For instance, comparing 95% percentile range of the four images at the three 




frequencies under analysis, it can be concluded that 5.8 GHz appears to suffer the highest 
spreading for the four configurations. Furthermore, 3.5 GHz seems to suffer higher signal 
spreading than 2.4 GHz data for long distances; however, when the receiver and the transmitter 




Figure 5.11– Pine tree short term frequency joint comparison, Tx front, Rx angle LoS (a) 




Figure 5.12– Pine tree short term frequency joint comparison, Tx back, Rx angle LoS (a) 
and 180º (b) 
 
Finally, another comparison may be performed depending on the frequency band. Thus, 
images from figure 5.13 present a comparison at 2.4 GHz (a), 3.5 GHz (b) and 5.8 GHz (c) of the 
signal spreading versus distance for the four system configurations. For instances, 2.4 GHz data 
show that when both two, the transmitter and the receiver are located in front of the trees, the 
signal spreading seems to be the lowest. Furthermore, the two intermediate configurations, Tx 
back-Rx LoS and Tx front-Rx 180º, illustrate very similar spreading results for this frequency. 
Finally, the highest signal spreading appears to be obtained when both, the transmitter and the 
receiver, are behind the tree trunks. These results are quite similar for 5.8 GHz, but with higher 
signal spreading factors.  








Figure 5.13 –Pine tree short term situation joint comparison, 2.4 GHz(a), 3.5 GHz(b) and 
5.8 GHz (c) 
 
5.2.1.1.3 Pine tree distribution function analysis 
 
The Kolmogorov-Smirnoff CDF test shows that over 92% of the 301 power samples groups 
gathered in this environment fit a Weibull distribution with shape parameter 𝜆  and scale 
parameter k. Figure 5.14 depicts an example of the actual CDF obtained in the pine tree 
environment. In this example, the parameter k estimated value is 5.69·10-7 mW and the 𝜆 takes a 
value of 32.7 natural units. The dashed line in figure 5.14 represents the theoretical Weibull CDF 
with these estimated shape and scale parameters, and the solid line illustrates the actual CDF 
function of the 301 power samples under analysis. Both two Weibull PDF parameters have been 
obtained for every system configuration and distance between transmitter and receiver with the 
aid of the Matlab function wblfit. The individual k parameter values obtained in this analysis are 
depicted in figures 5.15-5.17 for the three frequencies under analysis. Every one of these three 
figures contain four images organized in 2 rows and 2 columns. The first column pictures 
represents the k values obtained when the receiver was in LoS angles, and the second one when 
the receiver was at 180º. The first row refers to the transmitter front location, and the second one 
to the transmitter back location. Furthermore, the X axis of every one of these individual images 
illustrates the distance between transmitter and receiver in logarithmic scale, and the Y axis 
represents the parameter k values in dBm. Thus, the black circles symbolize every single k 
parameter value, the cross markers indicate k values that have been erased from the analysis as 




possible outliers in the regression, and finally, the solid line, represent the linear regression 
performed. The numerical results of all this analysis are summarized in table 5.2. 
 
Figure 5.14 –Pine tree forest, CDF comparison example 
 
 
Figure 5.15 –Pine tree forest, parameter k estimation, 2.4 GHz 
 





Figure 5.16 –Pine tree forest, parameter k estimation, 3.5 GHz 
 
 
Figure 5.17 –Pine tree forest, parameter k estimation, 5.8 GHz 
 
The same analysis have been performed for the shape Weibull parameter. However, to get a 
linear relation between this parameter and the distance, 𝜆 has been transformed to dB, and the 
distance has been maintained in natural units ([m]). Therefore, figures 5.18 to 5.20 have been 
acquired for 2.4, 3.5 and 5.8 GHz frequency bands respectively. The organization of every one of 
these figures is the same as in the k parameter case, and the numerical results are included in 
table 5.2 too. 





Figure 5.18 –Pine tree forest, parameter 𝝀 estimation, 2.4 GHz 
 
 
Figure 5.19 –Pine tree forest, parameter 𝝀 estimation, 3.5 GHz 
 





Figure 5.20–Pine tree forest, parameter 𝝀 estimation, 5.8 GHz 
 









Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
k 
𝐾0 [dBm] -41.3 -50.1 -63.2 -65.6 
𝑛𝐾 2.83 2.77 2.21 2.51 
𝜆 
𝜆0 [dB] 10.5 10.9 9.54 9.81 
𝑛𝜆 [dB/m] 0.0173 0.0357 0.0215 0.0545 
3.5 
k 
𝐾0 [dBm] -34.0 -50.9 -56.2 -58.5 
𝑛𝐾 3.19 2.82 2.62 2.89 
𝜆 
𝜆0 [dB] 17.4 15.9 16.2 14.1 
𝑛𝜆 [dB/m] 0.0952 0.117 0.123 0.136 
5.8 
k 
𝐾0 [dBm] -42.1 -60.9 -66.2 -78.6 
𝑛𝐾 3.06 2.60 2.34 1.93 
𝜆 
𝜆0 [dB] 13.9 10.9 11.4 7.30 
𝑛𝜆 [dB/m] 0.0902 0.102 0.112 0.0789 
 
5.2.1.2 Eucalyptus tree forest 
5.2.1.2.1 Eucalyptus tree short-term joint analysis 
The short term analysis for the eucalyptus tree forest is presented in the following lines. As for 
the pine tree environment, an individual analysis has been performed although it has not been 
included in this work in order to summarize the results. Thus, table 5.3 illustrates the parameters 
“a” and “b” from equation 5.3 that have been estimated for this environment. This table presents 
the same structure as in the pine tree environment: both parameters have been calculated for 
each frequency, range and system configuration.  
Table 5.3 illustrates how the slopes values of the signal spreading increase as the signal 
frequency does for every system configuration. However, although the increment in the slope 
parameter from 2.4GHz to 3.5 GHz seems to be around 50%, this difference reduces significantly 




when comparing 3.5 and 5.8 GHz, reaching values only 25% over. Furthermore, the lowest signal 
spreading values has been obtained for the transmitter front and receiver in line of sight 
configuration, as expected.  






Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
Q50% 
a [dB/m] 0.00252 0.00199 0.00685 0.0113 
b [dB] 0.121 0.317 0.144 0.0820 
Q95% 
a [dB/m] 0.00666 0.00724 0.0206 0.0316 
b [dB] 0.378 0.731 0.425 0.298 
3.5 
Q50% 
a [dB/m] 0.00290 0.00415 0.00880 0.0166 
b [dB] 0.121 0.213 0.120 0.208 
Q95% 
a [dB/m] 0.00940 0.0154 0.0279 0.0542 
b [dB] 0.302 0.389 0.205 0.305 
5.8 
Q50% 
a [dB/m] 0.00408 0.0169 0.0251 0.0450 
b [dB] 0.602 0.417 0.288 0.212 
Q95% 
a [dB/m] 0.0117 0.0547 0.0864 0.135 
b [dB] 1.98 1.09 0.656 0.749 
 
Data presented in table 5.3 have been acquired by processing range data points from figures 
5.21 to 5.26. Every one of these figures present the range estimation points along with the 
corresponding regression line. Abscises axis show the distance between the transmitter and the 
measurement point in meters, and the ordinate axis represent the percentile ranges values, in dB. 
Black colored lines and markers are related with the 50% range estimation, and the grey ones with 
the 95% data. In addition to this, solid lines and triangular markers refers to the LoS angles receiver 
position, while squared markers and dashed lines correspond to the 180 degrees receiver position. 
The same axis scale has been used for every figure, in order to easily compare results among 
images. Therefore, by simply having a look to these images, it may be concluded that the signal 
spreading appears to increase with frequency. Deeper analysis will be performed in the following 
subsection, where diverse cases will be compared. 
 
Figure 5.21 –Eucalyptus tree short–term joint analysis, 2.4 GHz, Tx front 
 





Figure 5.22 – Eucalyptus tree short–term joint analysis, 2.4 GHz, Tx back 
 
 
Figure 5.23 – Eucalyptus tree short–term joint analysis, 3.5 GHz, Tx front 
 





Figure 5.24 – Eucalyptus tree short–term joint analysis, 3.5 GHz, Tx back 
 
 
Figure 5.25 – Eucalyptus tree short–term joint analysis, 5.8 GHz, Tx front 
 





Figure 5.26 – Eucalyptus tree short–term joint analysis, 5.8 GHz, Tx back 
 
5.2.1.2.2 Eucalyptus tree short-term comparisons 
Two are the most important comparisons that may be performed in this study: the same system 
configuration for the three frequencies under analysis and the same frequency for the four system 
configurations. Plots “a” and “b” from figures 5.27 and 5.28 present the first comparison. More 
concretely, plots “a” and “b” from figure 5.27 show that the evolution with the distance of the 
signal spreading seems to be quite similar for 2.4 and 3.5 GHz. However, the 5.8 GHz frequency 
appears to suffer a huge increment on this parameter. Furthermore, figure 5.28 “a” presents 
similar results; however, image “b” presents an evolution of the slope of the signal spreading that 




Figure 5.27 –Eucalyptus tree short-term frequency joint comparison, Tx front, Rx 
angle LoS (a) and 180º (b) 
 
 






Figure 5.28 –Eucalyptus tree short-term frequency joint comparison, Tx back, Rx angle 
LoS (a) and 180º (b) 
 
Regarding the other comparison, images “a”, “b” and “c” from figure 5.29 show these 
comparisons for 2.4, 3.5 and 5.8 GHz respectively. These three graphics clearly illustrate that the 
best propagation conditions i.e., the system configuration where the signal spreading is lower, 
seems to take place when both, transmitter and receiver are located in front of the tree trunks. 






Figure 5.29 –Eucalyptus tree short-term situation joint comparison, 2.4 GHz(a), 3.5 
GHz(b) and 5.8 GHz (c) 
 




5.2.1.1.3 Eucalyptus distribution function analysis 
 
Every group of 301 power samples gathered along the three radials has been analyzed in order 
to evaluate which distribution function provides the best fitting. Thus, supported by the 
Kolmogorov-Smirnoff test, the Weibull distribution seems to fit over the 84 % of these groups of 
power samples for this environment. For instance, figure 5.30 illustrates an example of a 
measured CDF, based on the 301 power samples gathered at 2.4 GHz when both the transmitter 
and the receiver were in front of the tree trunks. This image also contains the theoretical Weibull 
CDF, with parameters k=12.5 mW and 𝜆=0.0185. 
 
 
Figure 5.30 –Eucalyptus tree forest, CDF comparison example 
 









Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
k 
𝐾0 [dBm] -49.0 -64.7 -65.4 -70.0 
𝑛𝐾 2.10 1.65 1.77 1.84 
𝜆 
𝜆0 [dB] 18.1 16.7 15.1 14.7 
𝑛𝜆 [dB/m] 0.0526 0.0596 0.0586 0.0844 
3.5 
k 
𝐾0 [dBm] -36.6 -59.2 -65.6 -68.2 
𝑛𝐾 2.65 1.86 1.79 2.02 
𝜆 
𝜆0 [dB] 17.7 15.2 15.0 13.3 
𝑛𝜆 [dB/m] 0.0538 0.0444 0.0682 0.0804 
5.8 
k 
𝐾0 [dBm] -50.3 -63.3 -70.7 -72.5 
𝑛𝐾 2.31 2.08 1.78 2.00 
𝜆 
𝜆0 [dB] 11.4 9.75 10.2 8.62 
𝑛𝜆 [dB/m] 0.0286 0.0477 0.0646 0.0738 
 
This CDF test and comparison has been repeated along the three radials and for the four system 
configurations. All the Weibull parameters (k and 𝜆) collected have been grouped by the system 
configuration and the frequency, and a linear regression has been performed after the same 
variable changes accomplished in the pine tree environment. Then, parameter k and 𝜆 , data 




conveniently transformed, have been adjusted to equation 5.5 and 5.6 respectively, and the origin 
ordinate and slope of these regressions are presented in table 5.4. This table presents the same 
distribution than table 5.2, introduced in the pine tree analysis. 
The numerical data illustrated in table 5.4 have been estimated with the aid of the figures 5.31 
to 5.36. The first three figures present the results for the Weibull k parameter for every one of the 




Figure 5.31 – Eucalyptus tree forest, parameter k estimation, 2.4 GHz 
 
 
Figure 5.32 – Eucalyptus tree forest, parameter k estimation, 3.5 GHz 
 









Figure 5.34 – Eucalyptus tree forest, parameter 𝝀 estimation, 2.4 GHz 
 





Figure 5.35 – Eucalyptus tree forest, parameter 𝝀 estimation, 3.5 GHz 
 
 
Figure 5.36 – Eucalyptus tree forest, parameter 𝝀 estimation, 5.8 GHz 
 
All these figures appear to show a linear down tendency as the distance between transmitter 
and receiver increases. However, this behavior seems not be easily generalized neither depending 
on the frequency nor the system configuration.  
 




5.2.1.3 Deciduous Oak Tree Forest 
This environment has been analyzed twice, during winter and summer seasons, in order to 
evaluate the influence of the foliage on the signal spreading induced by these deciduous trees. 
5.2.1.3.1 Summer conditions 
5.2.1.3.1.1 Oak tree summer short-term joint analysis 
 
Short-term results are summarized in table 5.5. The most relevant information presented in 
this table is that the slope of the signal spreading seems to be larger at 2.4 than at 3.5 GHz, which 
differs from the results obtained in previous scenarios. In addition to this, the largest slope value 
have been obtained again for the 5.8 GHz frequency. 






Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
Q50% 
a [dB/m] 0.00622 0.00941 0.00936 0.0262 
b [dB] 0.141 0.0458 0.572 0.247 
Q95% 
a [dB/m] 0.0196 0.0268 0.0303 0.0859 
b [dB] 0.386 0.171 1.56 0.428 
3.5 
Q50% 
a [dB/m] 0.00243 0.00583 0.0144 0.0288 
b [dB] 0.155 0.215 0.000 0.000 
Q95% 
a [dB/m] 0.00710 0.0217 0.0464 0.0906 
b [dB] 0.442 0.387 0.000 0.000 
5.8 
Q50% 
a [dB/m] 0.0228 0.0411 0.0544 0.0593 
b [dB] 0.320 0.360 0.000 1.05 
Q95% 
a [dB/m] 0.0693 0.128 0.161 0.157 
b [dB] 0.937 0.965 0.258 5.13 
 
Figures 5.37 to 5.42 illustrate the data ranges obtained for every frequency and system 
configuration, by representing data with the same format as presented in previous scenarios. 
Results will be analyzed by comparing different situations in the following section. 
 
Figure 5.37 – Summer oak tree short–term joint analysis, 2.4 GHz, Tx front 
 










Figure 5.39 – Summer oak tree short–term joint analysis, 3.5 GHz, Tx front 
 









Figure 5.41 – Summer oak tree short–term joint analysis, 5.8 GHz, Tx front 
 





Figure 5.42 – Summer oak tree short–term joint analysis, 5.8 GHz, Tx back 
 
5.2.1.3.1.2 Oak tree summer short-term comparisons 
The same way as in previous environments, results have been compared from two different 
points of view. Plots “a” and “b” from figures 5.43 and 5.44 present a comparison of the signal 
spreading evolution with distance for the three frequencies under analysis, separately for every 
system configuration. Thus, for instance, 2.4 and 3.5 GHz appear to suffer very similar signal 
spreading for the four system configurations. However, 5.8 GHz data shows always larger signal 




Figure 5.43 –Summer oak tree short-term frequency joint comparison, Tx front, Rx angle 
LoS (a) and 180º (b) 
 






Figure 5.44 –Summer oak tree short-term frequency joint comparison, Tx back, Rx angle 
LoS (a) and 180º (b) 
 
From other point of view, every system configuration data may be represented, classifying 
them by the frequency band. Plots “a”, “b” and “c” from figure 5.45 illustrate these outcomes at 
2.4, 3.5 and 5.8 GHz respectively. All these figures show that, the lower signal spreading factor (a) 
appears to occur when the transmitter was in front of the transmitter tree and the receiver was 
in LoS position. In addition to this, the largest signal spreading factor has been estimated when 






Figure 5.45 –Summer oak tree situation joint comparison, 2.4 GHz(a), 3.5 GHz(b) and 
5.8 GHz (c) 
 




5.2.1.3.1.3 Oak tree summer distribution function analysis 
 
The received power samples in this oak tree scenario seem to fit a Weibull distribution in 
almost all the measured points, as the Kolmogorov-Smirnoff test may not reject this hypothesis 
with a 5% of confidence interval in 89.9% of the points that have been analyzed. Thus, Weibull 
shape and scale parameters have been estimated for every single point, frequency and system 
configuration with the aid of the wblfit Matlab function. Figure 5.46 presents an example of the 
actual CDF obtained by the 301 power samples gathered at 3.5 GHz in this scenario when both, 
transmitter and receiver where at the back of the tree trunks. This CDF has been plotted in with 
solid line. Furthermore, the theoretical Weibull CDF, with estimated scale parameter k=2.65·10-6 
and shape 𝜆=64.4, is depicted with a dashed line. These two parameters have been estimated for 
every situation, and they have been conveniently transformed to obtain a general behavior. As it 
has been presented in previous environments, the evolution of both parameters, as distance 




Figure 5.46 –Summer oak tree forest, CDF comparison example 
 









Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
k 
𝐾0 [dBm] -43.2 -55.9 -60.7 -63.4 
𝑛𝐾 2.57 2.29 2.49 2.65 
𝜆 
𝜆0 [dB] 17.9 16.7 10.4 10.4 
𝑛𝜆 [dB/m] 0.0940 0.0925 0.0447 0.0686 
3.5 
k 
𝐾0 [dBm] -38.7 -41.4 -54.5 -56.0 
𝑛𝐾 2.63 3.03 2.57 2.88 
𝜆 
𝜆0 [dB] 16.0 16.3 15.0 14.8 
𝑛𝜆 [dB/m] 0.0355 0.0830 0.0827 0.131 
5.8 
k 
𝐾0 [dBm] -37.9 -54.2 -65.0 -79.2 
𝑛𝐾 3.37 2.90 2.46 1.91 
𝜆 
𝜆0 [dB] 10.6 8.11 10.2 6.55 
𝑛𝜆 [dB/m] 0.0698 0.0628 0.102 0.0738 




The quantitative data from table 5.6 comes from the linear regressions printed in figures 5.47 
to 5.52. The first three images show the k parameter evolution for the three frequencies under 
analysis. These figures illustrate how the linear performance is regardless of the frequency or the 
antenna configurations. 
 
Figure 5.47 – Summer oak tree forest, parameter k estimation, 2.4 GHz 
 
 
Figure 5.48 – Summer oak tree forest, parameter k estimation, 3.5 GHz 
 





Figure 5.49 – Summer oak tree forest, parameter k estimation, 5.8 GHz 
 
However, the progress of the shape parameter 𝜆, illustrated in figures 5.50 to 5.52, seems to 
show some non-linear behavior at 2.4 GHz when the transmitter is in front of the transmitter tree 
trunk. But this is the only exception, the other system configurations and frequencies fit quite well 
a simple line. 
 
Figure 5.50 – Summer oak tree forest, parameter 𝝀 estimation, 2.4 GHz 
 









Figure 5.52 – Summer oak tree forest, parameter 𝝀 estimation, 5.8 GHz 
 
5.2.1.3.2 Winter conditions 
The same analysis, in the same oak tree forest, has been performed on winter-caught data, 
without foliage at the canopies.  




5.2.1.3.2.1 Oak tree winter short-term joint analysis 
Short-term analysis results for the winter scenario are presented in table 5.7. Values are, in 
general, lower than the ones from the summer conditions, but this effect will be deeply analyzed 
in section 5.2.1.3.3. Table 5.7 shows that the lower signal spreading factor occurs at 2.4 GHz when 
the transmitter and the receiver are located in front of the tree trunks. Furthermore, the 
maximum signal spreading has been obtained for 5.8 GHz frequency band. 
 






Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
Q50% 
a [dB/m] 0.000574 0.00135 0.00577 0.00904 
b [dB] 0.181 0.224 0.121 0.178 
Q95% 
a [dB/m] 0.00183 0.00468 0.0187 0.0285 
b [dB] 0.549 0.594 0.266 0.389 
3.5 
Q50% 
a [dB/m] 0.00177 0.00464 0.00756 0.0151 
b [dB] 0.195 0.156 0.279 0.216 
Q95% 
a [dB/m] 0.00484 0.0139 0.0238 0.0478 
b [dB] 0.597 0.418 0.775 0.537 
5.8 
Q50% 
a [dB/m] 0.00981 0.0217 0.0361 0.0473 
b [dB] 0.747 0.707 0.493 1.05 
Q95% 
a [dB/m] 0.0289 0.0633 0.109 0.140 
b [dB] 2.30 2.25 1.68 3.74 
 
Figures 5.53 to 5.58 present the estimations of 50% and 95% ranges and the linear regression 
fittings for every group of points. All these figures have been represented with the same axis scale, 
in order to facilitate the comparison among frequencies or system configurations. Markers and 
lines have been represented with the same colors and types than in previous sections. 
 
 
Figure 5.53 – Winter oak tree short–term joint analysis, 2.4 GHz, Tx front 
 





Figure 5.54 – Winter oak tree short–term joint analysis, 2.4 GHz, Tx back 
 
 
Figure 5.55 – Winter oak tree short–term joint analysis, 3.5 GHz, Tx front 
 





Figure 5.56 – Winter oak tree short–term joint analysis, 3.5 GHz, Tx back 
 
 
Figure 5.57 – Winter oak tree short–term joint analysis, 5.8 GHz, Tx front 
 





Figure 5.58 – Winter oak tree short–term joint analysis, 5.8 GHz, Tx back 
 
5.2.1.3.2.2 Oak tree winter short-term comparisons 
Comparing the three frequencies under study in the same figure for the four system 
configurations is the first aim of this block. Thus, figures 5.59 and 5.60 illustrate these 
comparisons. These four images illustrate that, 2.4 and 3.5 GHz provide similar short-term results 
for this environment, although there are some tiny differences: 3.5 GHz outcomes are barely over 
2.4 GHz results. However, 5.8 GHz data differs enormously from the other two frequency results: 




Figure 5.59 –Winter oak tree short-term frequency joint comparison, Tx front, Rx 
angle LoS (a) and 180º (b) 
 
 






Figure 5.60–Winter oak tree short-term frequency joint comparison, Tx back,Rx angle 
LoS(a) and 180º(b ) 
 
At the end of this section, figure 5.61, the system configuration has been evaluated separately 
for every frequency. Thus, for the three frequencies, the configuration with the transmitter and 





Figure 5.61 –Winter oak tree short-term situation joint comparison, 2.4 GHz(a), 3.5 









5.2.1.3.1.3 Oak tree winter distribution function analysis 
Under winter conditions, the Kolmogorov-Smirnoff test show that in over 88% of the measured 
points, the Weibull distribution fitting hypothesis cannot be rejected, with a confidence interval 
of 5%. Thus, since this is the probability distribution that appears to provide the best results, the 
Weibull distribution has been assumed as the actual CDF. Therefore, figure 5.62 illustrate an 
instance of an actual CDF plot (in solid line), based on the 301 power samples measured at 2.4 
GHz. Besides, the theoretical Weibull CDF, with parameters k=1.26·10-6 mW and 𝜆 =75.7, is 
depicted with a dashed line. 
The same analysis than under summer conditions have been executed, and the slope and origin 
ordinate of the linear regressions are included in table 5.8 for both Weibull pdf parameters. 
 
 
Figure 5.62 –Winter oak tree forest, CDF comparison example 
 









Rx angle Rx angle 
LoS 180º LoS 180º 
2.4 
k 
𝐾0 [dBm] -49.6 -54.9 -49.6 -64.0 
𝑛𝐾 2.19 2.18 2.79 2.24 
𝜆 
𝜆0 [dB] 16.6 16.8 16.4 15.0 
𝑛𝜆 [dB/m] 0.0235 0.0491 0.0725 0.0783 
3.5 
k 
𝐾0 [dBm] -41.6 -56.8 -64.1 -70.0 
𝑛𝐾 2.43 1.99 2.00 1.99 
𝜆 
𝜆0 [dB] 15.3 14.9 13.0 12.6 
𝑛𝜆 [dB/m] 0.0292 0.0404 0.0467 0.0763 
5.8 
k 
𝐾0 [dBm] -48.1 -60.6 -71.4 -80.7 
𝑛𝐾 2.56 2.38 1.95 1.73 
𝜆 
𝜆0 [dB] 9.66 8.48 9.01 6.90 
𝑛𝜆 [dB/m] 0.0393 0.0499 0.0725 0.0679 
 




Data from table 5.8 have been acquired after several linear regression fittings, which are 
depicted in figures 5.63 to 5.65 for the scale parameter k, and in figures 5.66 to 5.68 for the shape 
parameter 𝜆. 
 
Figure 5.63 – Winter oak tree forest, parameter k estimation, 2.4 GHz 
 
 
Figure 5.64 – Winter oak tree forest, parameter k estimation, 3.5 GHz 
 









Figure 5.66 – Winter oak tree forest, parameter 𝝀 estimation, 2.4 GHz 
 





Figure 5.67 – Winter oak tree forest, parameter 𝝀 estimation, 3.5 GHz 
 
 









5.2.1.3.3 Oak tree summer vs winter comparison 
The main aim of analyzing a deciduous tree forest is to evaluate the effect of the foliage. 
Section 4.2.1.3.3 has evaluated the long-term effect of the foliage. This section tries to examine 
the effect of the leaves in the short-term variations of the received signal. Plots “a” and “b” from 
figures 5.69 and 5.70 present this “winter vs summer” comparison for the four system 
configurations. For instance, graphics “a” and “b” from figure 5.69 clearly illustrate the effect of 
the foliage (Summer) in the received signal spreading at 2.4 and 5.8 GHz, reflected as an increment 
on the slope of the regression performed. This may be caused by the presence of foliage in the 
top of the trees under summer conditions. However, 3.5 GHz results seems not to provide any 
difference between data from both seasons, which may be caused by the geometry of the top of 
the trees or even due to the shape of the leaves. 
  
(a) (b) 
Figure 5.69 –Winter vs summer oak tree short-term frequency joint comparison, Tx front, 
Rx angle LoS (a) and 180º (b) 
 
Figure 5.70 present results when the transmitter was in the back of the tree trunk. In this case, 




Figure 5.70 –Winter vs summer oak tree frequency joint comparison, Tx back, Rx angle 
LoS (a) and 180º (b) 
 
As far as distribution function is concern, figures 5.71 and 5.72 illustrate an evolution 
comparison of scale and shape Weibull parameters respectively. Regarding parameter k, 5.8 GHz 




seems to provide very similar results in both seasons for the four system configurations. However, 
2.4 and 3.5 GHz results depend on the system configuration, and no conclusion may be obtained.  
Regarding shape parameter, winter conditions seems to provide, in general, larger lambda 
values, which means that the signal spreading is lower in winter than in summer conditions, for 
all the frequencies and system configurations. 
 
 
Figure 5.71 – Winter vs summer oak tree forest, parameter 𝒌 estimation 
 
 
Figure 5.72 – Winter vs summer oak tree forest, parameter 𝝀 estimation 
 





Meadow results have been divided according to the height of the environment vegetation. Due 
to the oscillations registered during the scrubland measurement campaigns, 10 times more power 
samples have been recorder in this environment, compared to grassland environment, in order to 
take into account all these time variations.  
In these two scenarios, outcomes have been analyzed regarding antenna height and frequency, 
and these two parameters will be used to finally compare the short-term analysis. The following 
two subsections depict the results for grasslands and scrublands. 
 
5.2.2.1 Low Height Vegetation: Grasslands 
5.2.2.1.1 Grassland short-term joint analysis 
Short-term analysis parameters of fitting equation (5.3) “a” and “b” are depicted in table 5.9. 
This table clearly shows a downward trend of the signal spreading slope as the antenna height 
grows. This effect seems to be present at the three frequencies under analysis. 
 






90 120 160 
2.4 
Q50% 
a [dB/m] 0.00375 0.00217 0.000999 
b [dB] 0.515 0.858 0.151 
Q95% 
a [dB/m] 0.0110 0.00554 0.00291 
b [dB] 1.50 2.54 0.458 
3.5 
Q50% 
a [dB/m] 0.00342 0.00203 0.000565 
b [dB] 0.148 0.415 0.485 
Q95% 
a [dB/m] 0.00900 0.00375 0.00227 
b [dB] 0.420 1.26 1.37 
5.8 
Q50% 
a [dB/m] 0.0112 0.00808 0.00324 
b [dB] 0.183 0.419 0.291 
Q95% 
a [dB/m] 0.0343 0.0249 0.00893 
b [dB] 0.633 1.34 0.987 
 
 
Plots “a”, “b” and “c” from figures 5.73 to 5.75 present the Q50% and Q95% range estimations 
and the linear regressions performed at 2.4, 3.5 and 5.8 GHz for the three antenna heights that 
have been analyzed in the meadow environment: 90 cm, 120 cm and 160 cm. Black squared 
markers represent the Q50% range points estimations calculated at each measurement point, and 
the black line shows the corresponding linear regression fitting. Furthermore, the grey squared 
markers depict the Q95% range estimations at each measurement point, and the grey line 
represents their linear regression. All these figures provide the numerical data of table 5.9. 








Figure 5.73 –Grassland short term joint analysis, 2.4 GHz, 90 cm(a), 120 cm(b) and 160 






Figure 5.74 –Grassland short-term joint analysis, 3.5GHz, 90 cm(a), 120 cm(b) and 160 
cm(c) antenna height 
 








Figure 5.75 –Grassland short-term joint analysis, 5.8GHz, 90 cm(a), 120 cm(b) and 160 
cm(c) antenna height 
 
The three images from figures 5.73 to 5.75 show that as the antenna height increase its value, 
the signal spreading reduces. This may be concluded by analyzing how the distance between Q50% 
and Q95% lines is lower as the antenna height increases, which appears to imply that the signal 
spreading is minor.  
Another result that needs to be mentioned is that in this short-term analysis, no double linear 
regression has been obtained, since every group of points appears to follow a single line. 
5.2.2.1.2 Grassland short-term comparisons 
The comparisons in this meadow environment may be done, for instance, by the frequency. 
Thus, examining and classifying results by the antenna height, every one of the three plots (“a”, 
“b” and “c”) from figure 5.76, show that the frequency with the lowest signal spreading seems to 
be 3.5 GHz. Furthermore, 5.8 GHz appears to suffer the highest signal spreading, over the 2.4 GHz 
outcomes. 








Figure 5.76 –Grassland short-term antenna height joint comparison, 90 cm(a), 120 






Figure 5.77 –Grassland short-term frequency joint comparison, 2.4 GHz (a), 3.5 GHz (b) 
and 5.8 GHz(c) 
 




Figure 5.77 tries to evaluate the short-term variations of the received signal by the antenna 
height. Image “a” presents the comparison performed at 2.4 GHz. The lowest signal spreading at 
this frequency seems to occur at 160 cm. However, the largest value does not happen at 90 cm 
antenna height, as it could be expected; it arises at an antenna height of 120 cm. Plot “b” seems 
to depict a different behavior at 3.5 GHz band. In this case, 120 cm and 160 cm antenna heights 
appear to provide the highest signal spreading factors, while the lowest value has been obtained 
at 90 cm. Finally, plot “c” presents the results at 5.8 GHz. In this last case, 90cm and 120 cm 
antenna height offer similar results, and the lowest signal spreading values have been gathered at 
160 cm. 
 
5.2.2.1.3 Grassland distribution function analysis 
In this first meadow environment, the CDF analysis shows that the Weibull distribution may fit 
over 87 % of the measured points, as presented in figure 5.78. However, the analysis is going to 
be performed in a different way compared with forest environments. Since in the long-term 
analysis, two different behaviors were identified at some antenna heights, this performance 
probably will be present too in the short term results. This is why figure 5.78 shows two images: 
graphic “a” illustrates the theoretical and actual CDF at 2.4 GHz and 90cm antenna height, for a 
distance between transmitter and receiver lower than 10 meters. Furthermore, plot “b” 
represents the same thing for a distance over 100 meters. The similarity between the actual and 




Figure 5.78 –Grassland, CDF comparison examples 
 
In order to evaluate the performance of this Weibull fitting in grasslands, the shape and scale 
parameters of the fitted Weibull distribution have been estimated and depicted in figures 5.79 to 
5.84. For the “k” parameter, transformed to dBm, some linear regression estimations seem to fit 




a double linear model, which is marked with a dashed line in the pictures. However, for the shape 
parameter, in dB, a single linear regression appears to be suitable. 
 
Figure 5.79 – Grassland, parameter k estimation, 2.4 GHz 
 
 
Figure 5.80 – Grassland, parameter k estimation, 3.5 GHz 
 





Figure 5.81 – Grassland, parameter k estimation, 5.8 GHz 
 
 
Figure 5.82 – Grassland, parameter 𝝀 estimation, 2.4 GHz 
 





Figure 5.83 – Grassland, parameter 𝝀 estimation, 3.5 GHz 
 
 
Figure 5.84 – Grassland, parameter 𝝀 estimation, 5.8 GHz 
 
All these analysis work reports several numerical results, as for instance the slopes and origin 
ordinates of every simple or double linear regressions. They are all summarized in table 5.10 as 
well as the break distances were the slope parameter changes. A dashed in a cell means that that 
parameter does not make sense in that case. 










Weibull Parameter K Weibull Parameter 𝜆 














0.90 1.72 -48.2 15.9 3.68 -24.6 11.5 0.0309 
1.20 2.25 -47.0 65.2 3.79 -19.1 8.6 0.00621 
1.60 2.10 -45.8 - - - 16.9 0.0264 
3.5 
0.90 2.09 -44.1 13.6 2.71 -37.0 16.8 0.0505 
1.20 1.99 -44.9 14.3 2.13 -43.3 11.9 0.00683 
1.60 1.86 -47.2 - - - 11.6 0.0104 
5.8 
0.90 2.15 -48.0 18.5 2.51 -43.4 13.3 0.0456 
1.20 1.94 -49.9 - - - 12.0 0.0173 
1.60 2.05 -49.8 - - - 13.5 0.0287 
 
5.2.2.2 High Height Vegetation: scrublands 
5.2.2.2.2 Scrubland short-term joint analysis 
Scrubland environment has been analyzed up to 32 m long, since signal attenuation seems to 
be much higher than the one obtained in the other environments. Furthermore, the high signal 
variation detected in this environment, caused that 10 times power samples were gathered 
compared with the other environments. Therefore, table 5.11 depicts the short-term variation 
parameters for the scrubland environment. By simply taking a look to the results it may be 
concluded that the previously detected signal variation is now confirmed by the high slope 
parameters (“a”) obtained for the three frequencies under analysis. 
 






90 120 160 
2.4 
Q50% 
a [dB/m] 0.0987 0.107 0.0332 
b [dB] 0.238 0.385 0.891 
Q95% 
a [dB/m] 0.210 0.290 0.0616 
b [dB] 1.05 0.729 2.96 
3.5 
Q50% 
a [dB/m] 0.147 0.0852 0.0491 
b [dB] 0.0848 0.216 0.539 
Q95% 
a [dB/m] 0.360 0.159 0.152 
b [dB] 0.312 1.01 1.13 
5.8 
Q50% 
a [dB/m] 0.129 0.0604 0.00488 
b [dB] 0.325 0.571 0.977 
Q95% 
a [dB/m] 0.414 0.221 0.0217 
b [dB] 0.144 1.37 2.73 
 
Figures 5.85 to 5.87 illustrate the range estimation points and the linear regressions performed 
to get the results from table 5.11. 








Figure 5.85 –Scrubland short term joint analysis, 2.4 GHz, 90 cm(a), 120 cm(b) and 160 






Figure 5.86 –Scrubland short term joint analysis, 3.5 GHz, 90 cm(a), 120 cm(b) and 160 
cm(c) antenna height 
 








Figure 5.87 –Scrubland short term joint analysis, 5.8 GHz, 90 cm(a), 120 cm(b) and 160 
cm(c) antenna height 
 
5.2.2.2.2 Scrubland short-term comparisons 
Results obtained in previous section may be compared in terms of frequency band or antenna 
height. Every image from figure 5.88 presents the estimated signal spreading (Q50% and Q95%) 
for the three frequencies bands at different antenna height. Image (a) present the outcomes for 
the 90 cm antenna height. This graphic seems to show that 2.4 GHz suffers the lowest signal 
spreading, while 5.8 GHz takes the largest one. Furthermore, 3.5 and 5.8 GHz appear to provide 
very similar results, while 2.4 outcomes are much lower. However, at 120cm antenna height, 
results are quite different. For instance, the lowest signal spreading occurs at 3.5 GHz, and the 
maximum appears to happen at 2.4 GHz. Differences among three frequency results seem to be 
below 2 dB at the maximum distance. Finally, 160 cm antenna height provides signal spreading 
results very similar for the three frequencies. In fact, the Q95% range value only varies 3 dB at the 
maximum distance between the maximum and the minimum value. 
Plots from figure 5.89 illustrate the antenna height outcomes comparison for the three 
frequency bands. Plot (a) presents the results for the 2.4 GHz frequency, where 160 cm seems to 
provide the lowest signal spreading. Moreover, plot (b) illustrates that for 3.5 GHz, 90 cm delivers 
the largest signal spreading and, 120 and 160 cm appears to bring very similar lower value. Finally, 
at 5.8 GHz frequency band (plot (c)), 160 cm antenna height appears to provide a quasi-constant 
signal spreading value, and 90 cm antenna height gives signal spreading values up to 14 dB at the 
maximum distance under analysis. 








Figure 5.88 –Scrubland short-term antenna height joint comparison, 90 cm(a), 120 






Figure 5.89 –Scrubland short-term frequency joint comparison, 2.4 GHz (a), 3.5 GHz (b) 
and 5.8 GHz(c) 
 




5.2.2.2.3 Scrubland distribution function analysis 
The scrubland short-term CDF analysis shows that in over 86% of 301 power samples groups 
the hypothesis of data fitting a Weibull distribution may not be rejected. Therefore, this CDF 
appears to be the best choice to model data. As performed in long-term analysis, two different 
behaviors might be discovered depending on the separation between transmitter and receiver. 
Therefore, figure 5.90 illustrates two different Weibull CDF comparison: the picture “a” shows the 
theoretical and actual CDF for a distance lower than 4 meters, and the image “b” presents the 
same data when the receiver was over 20 meters from the transmitter. Again, as in the grassland 
environment, the similarity of the theoretical and the actual CDF functions appears to decrease as 




Figure 5.90 – Scrubland, CDF comparison examples 
 
The wblfit Matlab function has been used to obtain the shape and scale Weibull pdf parameters 
for every group of 301 power samples. Then, all these parameters have been plotted in order to 
determine if there is any relationship between their values and the separation between the 
transmitter and the receiver antennas. Figures 5.91 to 5.93 illustrate the parameter k progress 
with distance, at 2.4, 3.5 and 5.8 GHz respectively. Every one of these figures, presents three 
images, one per antenna height. The same configuration is used to present the shape parameter 
𝜆, in dB, in figures 5.94 to 5.96. In this environment, both parameters appear to fit a double linear 
regression, so two slopes and two reference values have been obtained. Thus, table 5.12 
summarizes all these estimated regression parameters, as well as the break distances. 





Figure 5.91 – Scrubland, parameter k estimation, 2.4 GHz 
 
 
Figure 5.92 – Scrubland, parameter k estimation, 3.5 GHz 
 









Figure 5.94 – Scrubland, parameter 𝝀 estimation, 2.4 GHz 
 





Figure 5.95 – Scrubland, parameter 𝝀 estimation, 3.5 GHz 
 
 















Weibull Parameter K Weibull Parameter 𝜆 




















0.90 2.57 -44.0 11.8 5.11 -16.8 18.3 0.127 14.7 20.2 0.253 
1.20 2.17 -45.4 12.7 4.94 -14.8 14.7 -0.0521 15.7 16.3 0.0553 
1.60 2.10 -48.9 16.2 6.12 -0.241 9.57 0.00492 12.2 10.2 0.0552 
3.5 
0.90 2.20 -43.8 11.6 7.04 7.79 18.4 0.0758 12.0 21.6 0.340 
1.20 2.00 -44.6 14.0 7.32 16.3 18.5 0.0561 15.9 22.5 0.307 
1.60 2.29 -42.9 18.0 7.11 17.6 17.3 0.0242 21.8 23.5 0.308 
5.8 
0.90 2.09 -51.6 9.53 7.05 -3.00 13.4 0.0357 9.61 17.3 0.441 
1.20 2.01 -51.6 11.1 6.55 -4.09 12.2 0.117 11.3 13.3 0.209 
1.60 2.23 -50.5 16.1 6.07 -4.15 11.9 -0.0134 22.9 21.3 0.397 
 
Finally, with the aid of data from table 5.12 and equations 5.5 and 5.6 conveniently adapted to 
a double regression fitting, the parameters of the Weibull pdf at any distance may be estimated, 
and therefore, the short-term signal behavior correctly defined.  
5.3 Conclusions 
This chapter has depicted a complete short-term analysis of all the measurement campaigns 
carried out along 6 different environments. Every one of more than 2.3 million of power samples 
have been processed to present the spreading and CDF analysis of this chapter. 
At the beginning, a general short-term analysis has been performed, in order to get an over-all 
idea of the spreading signal performance, regardless of the probability distribution function that 
fits the data, which may not be the same for every single reception point. This initial analysis was 
carried out with the aid of four percentiles, which have helped to obtain two different signal 
spreading ranges: Q50% and Q95 %. After obtaining these ranges for every single reception point, 
the values have been plotted vs distance in meters between transmitter and receiver. Then, a 
simple linear relation has been discovered for both ranges, and the equation 5.3 has been adopted 
to perform the final analysis. The aim of this study is to easily determine the signal spreading for 
a given distance and environment. Thus, figure 5.97 presents a general comparison of the Q95% 
range for the six environments under analysis, separately for every frequency. The propagation 
conditions compared in these three images are the Tx-front-Rx LoS configuration for forest 
environments, and the 160cm antenna height configuration for meadows. Thus, for instance, 
figure 5.97 (a) shows the Q95% range comparison at 2.4 GHz. Data from oak tree under winter 
conditions and grasslands, seems to provide very similar results, and even the eucalyptus forest 
results are quite close. Pine tree forest and oak tree forest in summer appear to offer larger and 
quite similar spreading values. Finally, scrubland data seem to provide the largest Q95% range 
values, probably due to the high height of the surrounding vegetation. At 3.5 GHz, results are quite 
different. The lowest and very similar range spreading factors have been obtained for the 
grasslands, eucalyptus and both oak tree scenarios. However, pine tree forest values seems to be 
quite larger than the previous analyzed, and finally, the prevalent spreading value seems to be, 
again, the one provided by the scrubland scenario. To finish, 5.8 GHz results show that, on the one 
hand, oak tree summer and pine tree forest provide, for this frequency, the highest signal 
spreading factors. On the other hand, grasslands seems to offer the lowest values. 








Figure 5.97 – Short term general joint comparison, 2.4 GHz(a), 3.5 GHz(b) and 5.8 GHz 
(c) 
 
Regarding CDF analysis, the general conclusion is that more than 87% of the individual 301 
power samples groups, obtained at each measurement point, pass the Kolmogorov-Smirnoff test, 
which means that the hypothesis of the power samples group follows a Weibull distribution may 
not be rejected. Due to this, and to the eyeball observation of the CDF plot comparisons at each 
environment, the Weibull distribution has been accepted as the best distribution function to 
model the short-term signal propagation. 
Once the probability distribution has been determined as the Weibull distribution, the shape 
and scale parameters were estimated too for every single receiving point. After that, all these 
parameter values have been plotted, separately for every frequency and system configuration, in 
order to obtain a general equation that allow to predict their value as a function of the separation 
between transmitter and receiver. Therefore, figure 5.98 show the parameter k estimation for the 
six environments under analysis, and figure 5.99 the parameter 𝜆 estimations. Images from figure 
5.98 present quite similar results in the k parameter for all the environments under analysis, 
although eucalyptus seems to provide the largest k value at 3.5 GHz and the lowest at 2.4 GHz. 
The provided short-term model, with equations to estimate the Weibull distribution 
parameters, and the two percentile ranges estimated for every environment, could be interesting 
to complete the long-term propagation model proposed in chapter 4. 
 





Figure 5.98 – CDF parameter k global comparison 
 
 




































































The use of wireless sensor networks is nowadays in an exponential growing. Initially, these 
wireless networks were intended for indoor use, like home automation and industrial control 
(Egan, 2005) or medical applications (Timmons & Scanlon, 2004). But many other applications that 
were not considered at the beginnings are nowadays coming to light: outdoor networks and, 
especially, sensor/actuator networks in rural areas, forests and plantations. The research results 
provided by this work consider this later environment. 
A wireless sensor network is intended to be deployed in a vineyard, and the maximum distance 
between installed nodes is necessary to be previously estimated. Thus, some propagation studies 
have been conducted in order to analyze the behavior of such specific radio channel at the 
frequency band assigned to these wireless networks: 2.4 GHz. Propagation studies in rural 
environments and plantations have to take into account the presence of vegetation in the 
propagation channel. Although there are several research works related to propagation at such 
condition (LaGrone, 1961 and Richter, et.al. 2005) and also an International Telecommunication 
Union - Radiocommunication Sector recommendation ((ITU, 2012), most of them are focused on 
classical master-slave (or base station to mobile terminal) configuration, where the base has a 
prominent height over the coverage area.  
However, the proposed sensor application is projected to be deployed in terms of peer to peer 
collaborative networks, where both the transmitter and the receiver are at similar heights. And 
there is a lack in the scientific knowledge for radio propagation with such configuration (Hashemi, 
2008). 
Some previous work related to the deployment of a wireless sensor network (WSN) in a forest 
has been checked. In (Nükhet & Haldun, 2009), the authors showed the importance of these WSN 
in the forest fire propagation analysis, but a radio propagation study appears to be needed in 




order to optimize the deployment of these network. Other reports (Hefeeda & Bagheri, 2007) 
inform about the deployment of a WSN in order to analyze the forest fire propagation, but no 
study was done regarding the radio propagation conditions in these wooded environments.  
The principal aim of this chapter is to present the results obtained in an actual wireless network 
deployment in a vineyard, installed using this model.  
Firstly, a propagation analysis is built, in order to compute the maximum distances between 
nodes. Then, the environment where the WSN were deployed is presented and after that, the 
main elements of the WSN are showed. The following section indicates the way the network has 
been installed, as well as the lessons learned during its deployment and maintenance. Results 
regarding sensor data and network behavior are presented in the fifth section. Finally, some 
conclusions are presented to close this paper. 
6.1 Propagation Modeling 
Before installing the wireless sensor network, it is necessary to study the maximum distance 
between consecutive nodes. There are some propagation works in rural environments at 2.4 GHz, 
as (Cuiñas, et.al., 2010), which presents a study on the propagation in mature forest at 2.4 GHz. 
Furthermore, the main parameters to take into account when deploying a wireless sensor network 
are shown in (Gay-Fernandez, et.al., 2010). Thus, since wireless sensor nodes were going to be 
deployed at a mean height of 3 meters over the ground, and the vineyard grew up to 2 m, the 
propagation environment seems to be quite different from the ones presented at (Cuiñas et.al., 
2010).  
Since the propagation analysis could not be performed in a vineyard due to the advanced status 
of the vineyard harvest, we used the results from measurement campaigns at grasslands and 
scrublands, presented in previous chapters, in order to obtain a general propagation equation for 
the vineyard environment by extrapolating data from these two different ambiences. 
6.1.1 Propagation Model 
903 power samples per frequency were collected at each one of the 50 points under measure 
at the grassland environment. The power samples per frequency at each point were 9030 at the 
scrubland environment, because there was a high time-variance of the received power.  
The objective of the data processing is the analysis of the results by means of a regression to 
know how the power decays with distance. The attenuation of the received power seems to fit a 
linear equation of the form of equation 4.3, where d is the distance between transmitter and 
receiver in meters, P0 is the received power, in dBm, at 1 meter from the transmitter, P is the 
received power, in dBm too, at a distance d from the transmitter and n is a factor that shows the 
rhythm of the power decay with distance.  
However, the performance of meadow environments suggests that the best option is the use 
of a double linear regression, with two sections depending on the distance to the transmitter, as 
defined in equation 4.14, where each one of the regression sections fits an equation similar to 
that mentioned above. In these two equations, dbreak indicates the distance where both linear 
equations converge; P0x is the received power, expressed in dBm, at 1 meter from the transmitter 




for the “x” regression; and nx represents the power decay factor for the “x” regression, where “x” 
could be 1 or 2. 
This situation could be explained because the presence of high vegetation could cut 
significantly the first Fresnel ellipsoid in the radio link between transmitter and receiver at some 
larger distances. Thus, at shorter distances the conditions could be considered line of sight, but 
the conditions are obstructed line of sight at distances approximately similar to the shoulder at 
the power decay curve. 
When the previously explained regression fitting is applied to the collected samples, data from 
Tables 6.1 and 6.2 are obtained for grassland and scrubland respectively. These tables show the 
attenuation factors “n1” and “n2”, obtained for the first and second regression section 
respectively; the mean error produced with this estimation; and the cut-off point (dbreak) of the 
two regressions.  
Errors show in tables 6.1 and 6.2 represent the mean error that would be obtained when trying 
to predict the received power at a distance d from the transmitter with each one of the 
propagation equations. 
Thus, results show a mean prediction fitting error under 2.15 dB for each one of the three 
antenna height configurations under analysis at the grassland environment. This appears to 
indicate a quite high linearity of the regarded power samples. Furthermore, the higher the 
antennas are placed, the larger cut-off distances. As the first propagation piece of each equation 
shows much lower attenuation factors than the second piece, placing antennas as higher as 
possible seems to be the best choice, in order to get the best free space propagation conditions. 
 
Table 6.1 Grassland regression data 





0.90 1.67 3.91 2.49 18.7 
1.20 2.05 3.42 1.99 33.7 
1.60 2.03 3.45 1.96 86.1 
 
 
Table 6.2 Scrubland regression data 





0.90 2.35 3.72 4.00 4.84 
1.20 2.05 4.89 2.47 11.0 
1.60 1.88 4.93 2.29 11.1 
 
 





Figure 6.1 –Propagation equations and Device sensitivity in grasslands 
 
Figures 6.1 and 6.2 show the equation fitting results at both environments. All the power values 
that are shown in the figures have been normalized to a transmission power of 0 dBm, in order to 
easily use with another transmitting power value. 
 
Figure 6.2 –Propagation equations and Device sensitivity in scrublands 
 
The other environment under study, scrublands, appears to show more complicated 
propagation behaviour. Due to the height of the surrounding vegetation in this environment, both 
antennas, transmitting and receiving, were covered by foliage, for the three antenna heights 
under study, and therefore, propagation models and results are very similar regardless the 




antenna height. For instance, the cut-off point is the same for the two higher antenna heights and 
the power decay factors are very close.  
Free space propagation conditions are not very common in vegetation environments for large 
distances between transmitter and receiver. Thus, this study addresses the problematic of 
determining the maximum distance between nodes. 
6.1.2 Estimated Distance between 
Nodes 
According to the datasheet of the installed nodes, the transmission power of these wireless 
nodes is +3 dBm and their sensitivity is -101 dBm. Thus, taking into account data from tables 6.1 
and 6.2 and these power values, an estimation of the maximum distance between nodes could be 
done for both environments. 
As indicated, figures 6.1 and 6.2 show the regression lines obtained for both environments with 
the aid of data from Tables 6.1 and 6.2. Furthermore, these figures show a dotted line at -104 dBm 
(-101dBm -3dB) which provides the maximum range coverage at the point it crosses with the 
regression lines. Table 6.3 shows the maximum distances between nodes for each environment 
and antenna height. These data have been extracted from Figures 6.1 and 6.2. Thus, when 
deploying the wireless sensor network, nodes should be deployed with a maximum distance of 
269 m if there is line of sight (LoS) condition between them and at a maximum of 54 meters if 
there are scrubs or trees between them, i.e. the LoS is obstructed by vegetation.  
The antenna heights considered for grasslands and scrublands campaign could represent the 
vineyard situation. There, the antennas would be higher over the ground, but the distance to the 
canopies would be similar to the distance to the ground at the commented measurements. 
Table 6.3 Maximum distances between nodes 
H [m] Grassland Scrubland 
0.90 128 m 42 m 
1.20 166 m 48 m 
160 269 m 54m 
 
6.2 Environment 
The selected environment to deploy this wireless sensor network is a vineyard located in a 
mountain side from Ribadavia, in Ourense, Spain. This vineyard is property of Cooperativa 
Vitivinícola do Ribeiro, a large winery company founded on the appellation region “Ribeiro”, in 
Galicia. This area is a very traditional wine producer, with more than two thousand years of 
history, documented since Greek and Roman eras. 
This terrain is located in an exclusive area just in front of a water reservoir. The proximity of 
such amount of water causes high humidity in the surrounding terrains, and because of this, and 
the high mean temperature, the risk of suffering a plague in the vineyard rise up to values 
extremely high. So, the interest in controlling the ambient parameters is also high. Besides, 
different grape varieties are planted at various sections of the terrain. These are the main reasons 




for which this environment has been selected for this pilot experience. Figure 6.3 depicts an image 
of the vineyard where the WSN has been installed. 
 
Figure 6.3 –Vineyard at Ribadavia (Ourense) 
 
6.3 Equipment 
The Memsic Eko pro series kit was the selected equipment for the wireless sensor network 
(WSN) deployment. This kit is a wireless agricultural and environmental sensing system for 
precision agriculture, microclimate studies and environmental research. Figure 6.4 depicts the 
main components of this WSN kit. 
 
Figure 6.4 Eko Pro series kit components 
 




The Eko system can be enhanced with various sensors such as soil moisture, ambient humidity 
and temperature, leaf wetness, soil water content and solar radiation. All of them are going to be 
used in the deployment under analysis. 
The main components of the WSN system are showed in figure 6.5. There are the eko nodes, 
an Eko base station, and several sensors plugged into each eko node. The following sections 
describe each item in detail and the way they are interconnected. 
 
 
Figure 6.5 System architecture  
 
6.3.1 Wireless Sensor Nodes 
The eko nodes (Figure 6.4 in yellow) are a fully integrated, outdoor, solar-powered wireless 
sensing device that allows users to deploy a multi-point monitoring solution that provides real-
time data from their environment. These nodes are capable of an outdoor range up to 2 miles 
depending on the environment and node hardware configuration chosen. 
Each eko node can accommodate up to 4 different sensors. These nodes integrate a Memsic’s 
IRIS processor radio board and antenna, powered by rechargeable batteries and a solar cell. 
Six of these nodes were deployed in this test, each one with four different sensors plugged in. 
6.3.2 Sensors 
Memsic manual (Crossbow T.I., 2010) contains the main features of the sensors installed in this 
pilot. The number of each kind of sensor in the WSN has been fixed according to the requirements 
of the vineyard owner. All of the nodes plugged temperature and humidity sensors, as well as leaf 
wetness. One of them was equipped by a meteorological station. Other installed sensors are 
focused on measuring solar radiation, or soil water content. Table 6.4 shows the main features of 
the sensors installed in this pilot. The number of each kind of sensor in the WSN has been fixed 
according to the requirements of the vineyard owner.  
 



































Leaf wetness ES1301 N/A N/A 
 





Table 6.5 depicts the sensor types connected to each node. According to the 
recommendations of the vineyard’s technicians, all the eko nodes are able to measure ambient 
temperature and humidity, and the same parameters for the soil. Furthermore, the leaf wetness 
appears to be quite important, so this sensor has been connected to each node too. Solar radiation 
and soil water content sensors seem to provide less important data, so they have been equally 
distributed within the WSN. 
 
Table 6.5 Sensor distribution 
Sensor\Node 1 2 3 4 5 6 
ES1100/1101 X X X X X X 
ES1201 X X X X X X 
ES1301 X X X X X X 
ES1401 - - X - X X 
ES1110 X X - X - - 
 
6.3.3 Gateway and Base Station 
The eko base station (Figure 6.4 in black and grey) consists of three components: the eko base 
radio, the eko gateway and the eko view application. 
The eko gateway is an embedded sensor network gateway device. It provides an Ethernet 
connection where a PC can be connected to view or copy all the WSN collected data. 
The eko base radio is a fully integrated packaged that provides the connection between the 
nodes, sensors and Gateway. The base radio integrates another IRIS processor/radio board, 
antenna and USB interface board. This interface is used for data transfer between the base radio 
and the gateway. The eko view application has not been used for this pilot, since data cannot be 
visualized at the gateway location. 




6.3.4 WSN Architecture  
Sensor data gathered with the aid of the WSN is going to be locally stored in a PC. Both the 
computer and the gateway are going to be installed in a hut to get power supply for the equipment 
during the pilot duration. 
The data stored in the local PC should be transmitted to a remote server at the University of 
Vigo. Thus, all the sensor data could be available in real time outside the vineyard. A GPRS modem 
is needed to achieve this data transmission, since there is no line of sight between the hut location 
and the winery building. 
Figure 6.5 depicts the main schema of the whole system. 
Figure 6.6 shows the transmission system, composed by the eko base station and a TC-65 GPRS 
modem from Siemens. This modem is connected to the laptop by a RS232-serial interface. 
 
 
Figure 6.6 –Transmission system 
 
6.4 Network Deployment 
6.4.1 Nodes Location 
Up to 6 eko nodes have been deployed inside the vineyard. Each one with four different 
sensors plugged in. The distribution of the nodes along the vineyard has been done so each one 
was located in a sector planted with different variety of grape, according to the interest of the 
vineyards owner. Thus, the correspondence between node location and varietal at its terrain 
sector is shown in table 6.6. This table depicts also the estimated distances to the base station. 




Table 6.6 Node distribution at vineyard 
Node Grape variety 
Distance 
 to BS [m] 
1 Godello 165 
2 Albariño 345 
3 Treixadura 80 
4 Treixadura 200 
5 Loureira 295 
6 Godello 105 
 
According to the recommendations of the vineyard technicians, all the eko nodes are able to 
measure ambient temperature and humidity, and the same parameters for the soil. Furthermore, 
the leaf wetness appears to be quite important, so this sensor has been connected to each node 
too. The interest of such sensor is related to the utility of its provided data in the prediction of 
plagues that could affect the plants: a combination of leaf wetness and direct solar radiation, in 
specific doses, could lead to some grape or vine illness. Solar radiation and soil water content 
sensors have been also equally distributed within the WSN. 
6.4.2 Network Behavior 
Table 6.7 shows the final network configuration and behavior according to the data gathered 
during December 2010. The second column presents the following node in the path towards the 
base station. These nodes are usually called “father” node. The third column indicates the distance 
between one node and its father. The last column shows the received signal strength indicator 
(RSSI) in dBm between a node and its father. These values depict that almost all the radio links 
between one node and its father are strong. The only one with some problems is the link between 
nodes 3 and 6. This link seems to have very low signal strength probably because there is a small 
terrain elevation between these nodes.  
 







1 3 88.5 -77.5< P< -74.5 
2 1 80 -77.5< P< -74.5 
3 6 110 -86.5< P< -83.5 
4 Base 156 -77.5< P< -74.5 
5 4 150 -77.5< P< -74.5 




Figure 6.7 WSN architecture 
 




Figure 6.7 shows the architecture of the WSN deployment in the vineyard. Nodes are identified 
by an orange circle with the node number identification inside. Base station is represented by a 
blue circle. Black arrows show the main links of the network. Furthermore, if any of the nodes falls 
down, the network is able to auto-reconfigure by itself. For instance, in figure 6.7, if node 1 falls 
down, node 2 may communicate to the base station by node 6 directly, although the link quality 
probably would be worse. 
 
6.4.3 Learned Lessons 
After the tests carried out during the network deployment, various lessons have been learned 
for future deployments, regarding base station and nodes locations and characteristics. 
The base station should be in a clear zone, with the major line of sight to all the area to be 
covered. Thus, the range coverage will be as large as possible. Furthermore, the height of the base 
station antenna should be quite larger than the rest of the devices, in order to get line of sight 
with the higher number of nodes. Using an omnidirectional high gain antenna would be advisable 
with the purpose of increasing the range of coverage of the base station. 
Nodes should be located always in line of sight with the following one and the predecessor. So 
if there are some foliage and vegetation blocking the line of sight to those devices, nodes should 
be placed in a higher position in order to improve the network behavior.  
Nodes should be located according to the maximum ranges of coverage estimated in Table 6.3. 
On the one hand, when nodes were in line of sight situation, grassland values should be taken as 
an upper limit of the range of coverage. On the other hand, when nodes were in obstructed lien 
of sight due to foliage and vegetation, scrubland values should be used as the upper limits. 
6.5 Results 
Figures 6.8 to 6.11 present different data gathered by the sensors of the eko nodes. 
For instance, figure 6.8 shows the evolution of the ambient and soil temperature, in ºC, during 
December, 2010. According to this data, the mean ambient temperature was 6.28ºC with a 
standard deviation of 4.67ºC, while the soil mean temperature was 7.26ºC with a standard 
deviation of only 2.63ºC. 
Figure 6.9 represents the ambient humidity of node 1 during the same month. These data 
reveals that the mean ambient humidity is around 90% with a standard deviation of 10% 
Figure 6.10 depicts the soil water content present at the node 1 location. Peaks at day 7 and 
10 indicate they were rainy days, followed by a 12 days period almost without rain. 
 





Figure 6.8 Ambient and soil temperature (ºC) Node 2 
 
 
Figure 6.9 Ambient Humidity (%) Node 1 
 
 
Figure 6.10 Soil Water Content (%) Node 1 
 
Other sensor data shows, for example, solar radiation, in Watts per square meter, present at 
each node location. (Figure 6.11) 
 





Figure 6.11: Solar radiation (W/m2) Node 1 
 
With the aid of these sensor data, the vineyard staff may evaluate the risk of plagues 
proliferation, like powdery mildew (Turechek, Mahaffee & Ocamb, 2001 and Halleen & Holz, 2001) 
or the botrytis cinerea (Gallart, et. al. , 2011). Furthermore, with the support of the appropriate 
algorithms, based on environmental data, the staff might even control and predict the 
propagation of these diseases. Thus, the number of sulfate or pest-control substance applications 
may be drastically reduce by taking into account prediction algorithms like the Glubber-Thommas 
(Thomas, Gluber & Leavitt, 1994) which allows to predict the powdery mildew disease, or the 
Broome index (Broome, et.al., 1995) wich forecasts the Botrytis desease. Both methods are 
basically founded on environmental data, such as temperature and ambient humidity. 
6.6 Conclusions 
A complete measurement campaign was developed to model the propagation channel of the 
links among elements of a wireless sensor network. This propagation model has been used for 
planning an actual installation in a vineyard close to Ribadavia, in Galicia. The Eko technology, 
from Memsic, has been selected for this deployment. Up to 6 eko nodes were set up into the 
vineyard, to cover an area of approximately 6 km2.  
Four different sensors have been plugged into each eko node, to collect different ambient and 
soil parameters, like humidity, temperature, solar radiation, water content, etc. 
With the aid of these sensor data, vineyard owners could, for instance, predict the appearance 
of a plague in their terrains or optimize the terrain irrigation. Furthermore, the time between 
chemical treatment applications in the vineyard could be extended, based on the plague 
prediction algorithms and indexes like the ones commented in the previous section. This last 
improvement may allow farmers to save a lot of money in material and labor, and reduce the 
amount of products applied to the vineyard, and so that, to the environment. 
The experience in deploying such a WSN had a return of investment in terms of learned lessons 
on some good practices. Thus, we could recommend the installation of the base station in an open 
and clear area, with line of sight to the nodes and placing the antenna as high as possible. The 
nodes should be placed looking for maintain line of sight conditions among the larger number of 
neighbors as possible, and respecting the maximum coverage ranges computed by the proposed 
propagation model. 
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Our modern developed society is more and more devoted of ecologic products. Although the 
beef meat arrived many homes only after the generalization of intensive farms, where cows are 
fattened up in an almost static place, nowadays cows grown in extensive farms are musts. As the 
cows can move freely along large areas, the meat fatty content results to be reduced and its 
quality and flavor becomes obviously better. 
However, the control of the location, and even some veterinary parameters as body 
temperature of the cows could be a problem in such extensive farms. This chapter is intended to 
propose a solution to this trouble, allowing the cattle to move freely but maintaining the safety 
and health controlled at any moment. The idea is the use of ZigBee (Adams, 2006) networks to 
provide both characteristics: some motes of the network could be installed in trees or bushes, at 
fixed locations, and other motes would be placed at the cow collars (Cowbell). 
The static motes would provide the location of the moving motes, by means of triangulation 
algorithms; whereas, the dynamic motes (or the motes on the cows) would be equipped by 
temperature sensors to obtain veterinary data, and some other environmental sensors in order 
to gather the cows living conditions. Finally, the position determined by the triangulation 
algorithm has been linearized with the aid of a Kalman filter. 
These dynamic motes would act as electronic cowbells, as they would provide information on 
the status and location of the cows. In an initial stage, the electronic cowbell could be wear by the 
cow that leads the herd, extending the usage of the device to all the animals in successive phases. 
The static motes would also provide connectivity to the farmer, getting the information on the 
location and wellness of the cows that could be read in a laptop or even a PDA device. 




The success of such system is closely related to a good wireless network design, which has to 
take into account the presence of vegetation in the propagation channel. Propagation aspects in 
peer to peer configurations result to be a capital topic. As deeply explained in previous chapters, 
although there are several research works related to propagation at such condition (LaGrone, 
1961 and Richter, et.al. 2005) and even a recommendation of the International 
Telecommunication Union - Radiocommunication Sector (ITU, 2012), most of them are focused in 
classical base station to mobile terminal configuration, where the base antenna is installed at 
prominent height over the coverage area. However, the proposed sensor application is intended 
to be deployed in terms of peer to peer collaborative networks where there is no predominant 
location. Although there are some similar studies at other frequency bands (Patwari, et.al., 1999) 
there is a lack in the scientific knowledge for such configuration (Hashemi, 2008). 
In previous chapters, an extensive 2.4 GHz propagation study has been presented based on six 
large measurement campaigns in the same number of scenarios. The attenuation factor has been 
calculated for each environment. In this chapter, and based on the previously estimated 
parameters, the ranges of coverage and a simple estimation of the number of motes per hectare 
are showed. These values are needed to design wireless networks to locate the cows freely moving 
across different environments. 
 
7.1 Measurement Campaigns 
Large measurement campaigns have been performed to test the viability of the outdoor 
tracking system. These campaigns were developed in different kind of forested environments, 
formed both by evergreen and deciduous trees, as well as in grasslands and scrublands. The aim 
of such campaign, described in chapter 3, was to define the maximum distance between motes, 
allowing their connectivity, as a function of the different vegetation in the forest spaces. 
The effect of these different environments in the radio link quality has been analyzed by means 
of Equation (4.1), where p0 is the reference power at 1 meter from the transmitter, d is the 
distance in meters between transmitter and receiver, and n is the factor that determines the 
power decay rate with the distance. 
The knowledge of these parameters is necessary for planning the deployment of the ZigBee 
Network in the required environment. 
 
7.2 The Electronic Cowbell 
The electronic cowbell is based on the chip CC2430 from Texas Instruments. This chip allows 
establishing an IEEE 802.15.4/ZigBee network, at 2.4 GHz ISM band, with very low power 
consumption. This last feature is very important for a system that is supposed to work for long 
time without changing batteries. Plugged to this central device, there are two data sensors 
providing body temperature, humidity and ambient temperature. This data could help 
veterinarians to keep animals under control while they are living in freedom. Next subsections 
describe the different elements of the electronic cowbell. 






Figure 7.1- IEEE 802.15.4 Chipcon CC2430 EM module 
 
7.2.1 CC2430 Chip 
The ZigBee CC2430 is an IEEE 802.15.4 and ZigBee System-on-Chip solution developed by 
Chipcon for Texas Instruments. Its 8051 microcontroller core provides two USARTS where several 
sensors like contact temperature and ambient humidity and temperature can be plugged. 
Furthermore it has 21 general I/O pins, which can allow us the connection of any other 
sensor/actuator. 
In addition, these wireless devices are capable of measuring digital RSSI, so with an exponential 
power decay estimation it is quite easy to estimate the distances between nodes. Thus, with the 
aid of some fixed nodes, with a known position, the free animals with this tailor made electronic 
cowbell on them could be tracked along the grasslands or forests where they usually expend their 
time. The main features of this chip.may be obtained from (Texas Instruments, CC2430 Datasheet 
(rev. 2.1),, 2007)  
 
7.2.2 Body Temperature Sensor 
The body temperature sensor selected for this device is the DS18B20 from Dallas 
Semiconductor. This device may measure temperatures from -55 ºC to +125ºC, which seems to 
be enough for body temperature measuring. Furthermore, it is able to transmit data by only one 
wire. From the point of view of hardware, this means that this device is quite simple to plug. 
However, its software configuration appears to be more difficult than in other devices with 
multiple transmission wires. The pin configuration of this body temperature sensor is shown in 
figure 7.2. In addition to this, in (Maxim, 2010) the datasheet of this sensor is presented. 
 




7.2.3 Environmental Sensors 
Two environmental sensors have been plugged into the CC2430 chip: one for humidity 
measurement and the other for ambient temperature. In fact, both parameters can be obtained 
with only one integrated sensor, the SHT10 ambient humidity and temperature sensor, from 
Sensirion. This sensor is able to measure temperatures from -40ºC to 123.8 ºC and the whole 
range of relative humidity with only 90 µW of power consumption. Please refer to (Sensirion, 




Figure 7.2- DS18B20 Pin 
Configurations 
Figure 7.3- SHT10 Humidity and Temperature 
Sensor 
 
7.3 Tracking system 
7.3.1. Introduction 
The sensor data is only an extra application for the whole system. The main aim of this wireless 
network is to track the position of the animals, when they wear our tailor made cowbell. Cowbells 
are usually called Blind Nodes (BN) in these location systems, because they do not know their 
position.  
In order to locate a BN along a rural outdoor environment, we need a grid of Reference Nodes 
(RN) at known positions. The way to estimate the position of the BN is based on triangulation. We 
have to estimate the distance between our BN and at least three RN’s in order to get a right 
position. As much RN’s we have, as more precision we will get in the final location measure. 
The method to estimate these distances based on the measured RSSI is shown in section 7.3.2. 
Once these distances have been estimated, the location algorithm, based on a standard 
triangulation algorithm, is run. Finally, these location estimations have been improved with the 
aid of a Kalman filter, as shown in (Nabaee, Pooyafard & Olfat 2008). 
When the position of the cowbell (BN) is known, this information, together with sensor 
humidity and temperatures data, are sent to a ZigBee gateway, in order to be incorporated to a 
database or to rendering software. 





7.3.2 Distance Estimation 
As we have said before, the distance estimation is based on the RSSI measured in the Reference 
Nodes. The BN that wants to be located sends a broadcast message to all RN’s in its coverage area. 
Then, each RN can evaluate the RSSI of the received message and send it back to the BN. Once the 
BN has all these RSSI values, it can estimate the distance to each RN based on the equation 7.1, 







Where d is the distance to estimate in meters; RSSI is the measured received signal strength 
indicator, in dBm; P0 is the power received one meter from the transmitter, in dBm; and n is the 
power decay rate (without units). Values for P0 and n are very different for each environment so 
they need to be estimated in each case, and can be obtained from data in chapter 4. 
The estimated distances between the BN and at least three RN are known. The position of each 
RN is known, so an equation system with only 2 unknowns and a number of RN’s equations can 
be created. The best way to solve this kind of systems appears to be the minimum mean square 
solution, and it can be easily solved by an algorithm like that described in (Chen, et. al., 2009) 
7.3.3 Location Algorithm  
Once distances between BN and RN’s have been estimated, the location algorithm needs to be 
run. The way to estimate the position is shown below: 
The estimated distances between the BN and at least three RN are known. The position of each 
RN is known, so an equation system with only 2 unknowns and number of RN’s equations can be 
created. The best way to solve this kind of systems appears to be the minimum mean square 
solution, and it can be easily solved by the following iterative algorithm: 
a- An initial estimated position has been defined, and the algorithm appears to work 





b- After that, the distance between this initial position to each Reference Node (RNi) may 





c- And the matrix G may also be created as 7.4. 







d- Now, matrix Δρ can be created as the differences between estimated RSSI distances 














g- This method is repeated while the distances between consecutive iterations were 
larger than a predefined stop value. 
 
The number of iterations to solve this system with a stop value of around 0.5 meters is always 
under five, so the algorithm seems to be really fast with a mean estimating time of 200 µs.  
Since the matrix G’G could not to be invertible, it is necessary to check if the determinant of 
this Matrix is null. Even though the matrix G’G was invertible, this iterative method could not 
converge, so, it is necessary a limit on the number of iterations. 
This algorithm was tested for a large amount of time, and it shows a high accuracy when the 
BN was without movement, but it didn’t work very well when de Blind node was in motion. So a 
Kalman Filter has been added to the location system. 
 




7.3.4 Improved Location Algorithm: 
the Kalman Filter 
In order to solve the location problems that arises when the cowbell was not in a static location, 
the selected Kalman filter has been defined as follow: 
7.3.4.1 State space model 
The present state of the system is defined by the four components vector Xt, which contains 
the actual coordinates xt and yt of the tracking object, and vx and vy which are respectively the 













And Δt is the time difference between consecutive samples. In our case, this value was set to 
2 seconds. 
7.3.4.2 Measurement model 
The actual position Zt=(xmeas,ymeas) is given by the previous position estimation algorithm. 
Variable denoted as ?̂? in equation (7.7) contains these values. 
7.3.4.3 Prediction equations 





-A is the matrix defined at equation (7.10). 
-Pk is the previous value of this matrix, where P0 is: 







And ε is the initial error of the first position estimation. In our case, this value has been 
estimated in 0.5. 




Where q is the variance of the noise, and has been fixed to 0.001 in our example. 
7.3.4.4 Correction equations  
These equations update the predictions and provide the filtered values. The Kalman gain is 




















Where Xk+1 is the state predicted in equation (7.9) 
The last step in order to continue the estimation of new filtered value is the update of the Pk matrix 
by the equation 7.18. 
 (7.18) 
 





Three kinds of results are related to this proposal: the range estimation for every considered 
environment, which is related to the distance between adjacent motes; the precision of the 
location, which would determine the technical viability of the system; and the estimation of the 
amount of nodes needed for deploying such network, which talks about the economic viability. 
The following subsections cover these objectives. 
7.4.1 Distance between adjacent 
motes 
More than 700,000 power samples were gathered during the six measurement campaigns at 2.4 
GHz, presented along previous chapters. This large amount of data requires a processing to be 
analyzed. Chapter 4 has described the procedure as well as the main results obtained for each 
environment. The principal aim of the present chapter is to determine the maximum distances 
between motes reachable in each environment. This distance was calculated from the required 
SNR and the noise power necessary to get a predefined Bit Error Rate (BER) or Packet Error Rate 
(PER). In addition, the power decay factors (n) and the reference powers (P0) are necessary too in 
order to determine the range coverage for each environment. Thus, table 7.1 present a summary 
of these long-term data, obtained for the best and worst propagation conditions at the 2.4 GHz 
frequency band. 
Furthermore, figures 7.1 and 7.2 illustrate, respectively, the maximum and the minimum range 
coverage data of table 7.1.  
 
Table 7.1. Propagation model parameters, 2.4 GHz 
Forests Maximum range coverage data Minimum range coverage data 
 P0[dBm] n P0[dBm] n 
Pine -39.5 2.89 -68.0 2.37 
Eucalyptus -49.3 2.04 -68.1 1.94 
Oak tree 
(Summer) 
-38.8 2.78 -61.6 2.80 
Oak tree 
(Winter) 
-53.6 1.85 -65.5 2.15 
  Meadows  
 d<86.1m d>86.1m d<86.1m d>86.1m d<18.7m d>18.7m d<18.7m d>18.7m 
Grassland -47.6 -20.1 2.03 3.45 -50.1 -21.5 1.67 3.91 
 d<11m d>11m d<11m d>11m d<4.84m d>4.84m d<4.84m d>4.84m 
Scrubland -47.3 -17.7 2.05 4.89 -45.3 -36.0 2.35 3.72 
 
 
As the bandwidth of a ZigBee channel is 5 MHz, we measured the noise power in a 5 MHz empty 
channel at 2.4 GHz, and the FSH-6 spectrum analyzer (Rohde & Schwarz, 2007) provided a value 
of -89 dBm. The measurement has been made by means of the FSH channel power function, which 
integrates the noise power values within our bandwidth to form the total power. 





Figure 7.4 Maximum range coverage distance estimation 
 
The average frame length for IEEE 802.15.4 standard is 22 bytes. If a PER of 2% is desired, a 
BER<1.14·10-4 would be needed. Then, the required SNR would be approximately 0 dB (802.15.4-
2006, 2006). According to this SNR value, figures 7.4 and 7.5 present a red line indicating the limit 
of the coverage estimated at a received power of -89 dBm. 
Based on this last parameter, maximum and minimum range coverage distances can be 
estimated at each environment. Table 7.2 contains the maximum and minimum distances 
between motes for different environments, computed from the measurements taking into 
account the maximum and typical transmitted powers and the sensitivity of the motes as indicated 
in ZigBee standard (802.15.4-2006, 2006), with 0dBi gain antennas. Obviously, range coverage 
may be increased with high gain antennas or by increasing the transmitted power and performing 
the sensitivity of the devices. 





Figure 7.5 Minimum range coverage distance estimation 
 




Pine 52 8 
Eucalyptus 89 12 
Oak tree (Summer) 64 10 
Oak tree (Winter) 82 12 
Grassland 99 53 
Scrubland 27 26 
 
A singular result of this table is the difference in the maximum range coverage between the 
grassland and the scrubland environment. As shown in Table 7.2, the distance between adjacent 
motes seems to be four times larger in grassland than in scrubland. This effect could be caused by 
the high elevation of the undergrowth in the scrubland environment. 
7.4.2 Precision of the location 
Results presented in this section have been recorded in two different environments: an indoor 
classroom, in order to test the system; and a pine tree forest, different from the one where 
measurement campaigns where done, to validate the results gathered in chapter 4. A lot of 
possible paths were analyzed, but only the more representative ones have been included in this 
section.  
7.4.2.1 The classroom deployment 
A six RN’s network has been deployed in a classroom of the School of Telecommunication 
Engineering of Vigo, and one cowbell has been moved along the corridors between desks. 




Regarding distance estimation parameters (P0 and n) for this first test environment, it has been 
estimated a value of -32 dBm for P0 and 2.875 for n. These parameter values have been obtained 
after developing a small measurement campaign at 2.4 GHz in this classroom. 
The first test performed was a linear motion at the coordinate x=5.5 meters, while coordinate Y 
was changing between 0 and 19 meters. Figure 7.6 (a) shows the path initially estimated by the 
location algorithm. Figure 7.6 b presents the same path corrected with the aid of the implemented 
Kalman Filter. The double black dash-dotted arrow depicts the actual motion of the cowbell. Black 
circles represent the Reference Nodes. Blue lines interconnecting stars provide the predicted 





Figure 7.6- Classroom path 1 without Kalman filtering (a) and with it (b) 
 
 
The second test involves a change in the motion direction. The new test consisted of moving 
the cowbell at fixed X=5.5 m and varying Y between 0 and 19 meters. Approximately after 2 min, 
we began a new motion direction, varying X between 0 and 11 meters, with Y fixed at 9.5 meters. 
Figure 7.7 (a) illustrates the positions determined by the simple triangulation algorithm, and figure 
7 (b) the path tracking performed with the aid of the implemented Kalman filter. In this case, and 
after the Kalman filtering, precisions below 3 meters have been reached, which seems to be 
enough to find a cow within a forest. 






Figure 7.7- Classroom path 2 without Kalman filtering (a) and with it (b) 
 
7.4.2.2 The pine tree forest deployment 
The second environment under analysis is a pine tree forest located near the University of Vigo. 
In this environment, up to six different reference nodes where placed on the tree trunks, at 2.5 
meters over the ground level, and separated according to data from table 7.2.  Figure 7.8 shows 
an image of the ZigBee Coordinator and the Reference Node 1 deployed in this environment.  
 
 
Figure 7.8-Coordinator and Reference Node 1 placed on a pine tree trunk 
 




To run the location algorithm in these environment, the P0 and n values have been obtained 
from data in chapter 4, more precisely, from table 4.13, at 2.4 GHz, with both, transmitter and 
receiver, in front of the trees. Thus, P0 has been fixed to -39.5 dBm and n has taken the value 2.89.  
In this outdoor assessment, two Blind Node static positions have been tested, in order to 
evaluate the precision of the selected parameters. At each one of these locations, 5 minutes of 
RSSI data have been recorded. Figure 7.9 (a) presents the first test performed. The blind node has 
been located at X=25m and Y=16m. The black triangle illustrates the actual position of this static 
cowbell. Furthermore, black circles represent the location of the reference nodes, installed on the 
tree trunks. The tiny cyan circles represent every one of the executions of the location algorithm 
along the 5 minutes. Finally, the red square represents the median values of all the position 
samples. The median error seems to be below 4.5 m.  
The second static example is shown in figure 7.9 (b). In this case, the blind node has been 




Figure 7.9- Pine tree position 1 (a) and position 2 (b) 
 
In addition to this two static tests, two dynamic paths have been analyzed in order to evaluate 
the performance of the triangulation algorithm and the improvements achieved with the 
implemented Kalman filter. Figure 7.10 presents the first path analyzed, which involves a fixed Y 
coordinate with value 4 meters, and coordinate X varying from 0 to 30 meters. Plot “a” represents 
the results obtained by the simple triangulation algorithm. Plot “b” represents the final results, 
after the Kalman filter. The final mean error seems to be below 5 meters. 
The other path that has been examined in this section involves a movement in the Y axis. 
Coordinate X has been fixed at 25 meters while Y was varying from 0 to 20 meters. Figure 7.11 
illustrate this last example. Plot “a” depicts the results acquired without the aid of the Kalman 
filter, and plot “b” shows the final result, after filtering data. Mean error are, again, below 5 
meters.  










Figure 7.11- Pine tree path 2 without Kalman filtering (a) and with it (b) 
 
7.4.2.3 Summary 
After these two experiences in location, based on the measurement campaigns previously 
presented, there is no doubt that location precisions depend on the Reference Nodes spacing and 
distribution:  
 As to separation between RNs, the larger the distance between RNs is, the lower the 
accuracy of the location will be. So we need a trade-off between location precision and 
number of RNs to cover an area. The maximum number of motes (the sum of static and 
dynamic ones) should be less than 65536, which seems to be enough for this purpose. 




 Regarding nodes distribution, in (Yuh-Ren & Yuan-Jiun, 2008) we can see, for instance, a sub-
optimal algorithm to deploy a WSN. This kind of algorithms appears to be very useful in 
grassland and scrubland environments. Nevertheless, in a forest, the motes should be placed 
on the trees, and we can’t choose the exact location of a tree but we could select the better 
situations or those closely near to the optimum. 
 
Furthermore, for mobile devices, it seems to be very important the implementation of a 
Kalman Filter, in order to improve the results and the tracking of the electronic cowbells. With the 
aid of this kind of filters, mean errors below 5m have been reached in a pine tree forest, value 
that seems to be enough to find a cow in a forest, taking into account the size and shape of such 
animal. 
 
7.4.3 Viability of the proposal 
The number of static motes per area unit can be estimated from data at Table 7.2. These 
estimations are presented in Table 7.3 to cover one hectare of land. The computations were 
obtained by estimating the motes needed to cover a 1000 hectares area, and then the mean by 
hectare is presented. This procedure has been applied because a minimum of four motes is 
necessary to ensure the performance of the location algorithm, and this value could be 
determinant in short range surfaces. Thus, table 7.3 illustrates the minimum and maximum 
number of static motes, based only on the range coverage. In addition to this, a recommended 
number of motes is presented based on this minimum number to get successful with the location 
algorithm. 
Table 7.3. Number of Needed Static Motes 
Forest 
Number of motes per hectare 
Minimum Recommended Maximum 
Pine 3.25 4 153 
Eucalyptus 1.02 4 67.3 
Oak tree 
(Summer) 
2.01 4 97.6 
Oak tree 
(Winter) 
1.19 4 67.3 
Grassland 0.836 4 3.10 
Scrubland 12.7 13 13.8 
 
Currently, the cost of ZigBee motes is dramatically decreasing. So, a minimum total cost of 27 € 
per hectare could be estimated for the recommended pine forest situation. In two years, this cost 
is expected to be reduced in more than 50 %, so the cost when installing such system could be 
under 13.5 € each hectare. Table 7.4 contains the estimated cost for each situation, assuming the 
recommended number of motes is applied. This amount seems to be affordable by farmers if they 
think that perhaps the increment in the price of the meat could be around 25 %, which is an 
estimation of the difference between the meat from cattle living in stables and that which is freely 
running. 




Table 7.4. Estimation of Cost per Hectare 
Forest 
Minimum cost per hectare (€) 
Year 2013 Year 2015 
Pine 27 13.5 
Eucalyptus 27 13.5 
Oak tree (Summer) 27 13.5 
Oak tree (Winter) 27 13.5 
Grassland 27 13.5 
Scrubland 87 43.5 
 
7.5 Conclusions 
A proposal to use ZigBee technology to help farmers in extensive cow exploitations has been 
presented. The idea is the use of an electronic cowbell; this means, a node on each cow within a 
forest to provide tracking of location and health constants. 
Some test results show that the mean error when locating the animal appears to be acceptable 
(below 3 m indoor and 5 meters outdoor), and the path has been tracked with a quite good 
performance. 
An evaluation of ranges between adjacent nodes has been presented, based on the propagation 
analysis performed in previous chapters of this Thesis, within different rural environments. Then, 
the required number of motes per area unit has been computed.  
The translation from number of motes per area unit into effective cost has been also estimated, 
and the final cost seems to be affordable, compared to the benefits of free-running cow meat. 
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In the previous chapters of this section II, one application of the WSN related to viticulture and 
another one connected to location of animals in rural areas have been presented. Furthermore, 
this chapter focuses on the WSN deployment in woodlands, related to collecting ambient 
parameters and fire monitoring. 
The pine tree forest considered in this analysis has been previously presented in section 3.1.1. 
Within this forest, some new propagation experiments have been conducted, in addition to the 
peer to peer data presented in chapter 4, in order to analyse the behaviour of the radio channel 
at a frequency band that is assigned to wireless networks in master-slave configurations. 
Some previous work related to the deployment of a wireless sensor network (WSN) in a forest 
has been checked. In (Nükhet & Haldun, 2009), the importance of the WSN in the forest fire 
propagation analysis is shown, but a radio propagation study appears to be needed in order to 
optimize the deployment of these networks. In (Junguo, et.al., 2008), although it has not been 
analysed the propagation conditions, the same ZigBee technology was used for the deployment 
of a WSN. In (Hefeeda & Bagheri, 2007), a WSN was deployed in order to analyse the forest fire 
propagation, but no study was done regarding the radio propagation conditions in these wooded 
environments.  
The final objective of our study is to assess the performance limits, the coverage and best 
network configuration in the considered forest. The technology selected for this aim was ZigBee. 
Low power consumption, small size of the devices together with its low cost are the main 
characteristics that do this technology the best choice for this objective. 




The initial experiments were performed as described in section 3.3.2, by means of separate 
transmitter and receiver. The performance of the peer to peer (P2P) conditions have been 
analysed in section 4.2.1.1 for pine tree environments. Furthermore, the master-slave scenario 
measurement procedure and results are presented in section 8.1.3 and 8.2.1 respectively. 
Results from both scenarios were used for planning and deploying an actual wireless network. 
Before the deployment, the maximum distance between the coordinator and routers or end-
devices and between routers and end-devices must be estimated in order to optimize the number 
of devices assuring the network performance. 
The ZigBee network deployed consisted of: 
 --A network coordinator, which is the master of the network, and was located in a place 
with electric power supply. 
 --Several routers, which principal function is to route packets from end-devices to the 
network coordinator. They were placed on the tree trunks. 
 --End-devices, which transmit periodically the sensor information like air temperature, 
humidity, light intensity level and all defined variables, to the router which had been previously 
connected to. These devices were located on the tree trunks. 
The wireless network was deployed according to the plan developed in the initial sections of 
this chapter and several performance measurements were taken to check these previously done 
estimations.  
Section 8.1 begins with a description of the environment under study, the equipment used 
during the measurement campaign and how the master slave measurements were carried out. 
Section 8.2 presents the results individually for each one of the scenarios considered and a general 
propagation equation will be calculated for each system configuration in order to estimate the 
range coverage of each device. From these results, in section 8.3 a deployment of an actual ZigBee 
based sensor network is depicted and some conclusions that could help future deployments will 
be extracted. Finally, an estimation of the minimum number of routers necessary to cover a fixed 
area will be computed. 
 
8.1 Measurements 
The selected environment to deploy the ZigBee WSN is the pine tree forest described in 3.1.1.1. 
The measurement campaigns presented in chapter 4 at 2.4 GHz at the pine tree forest, have been 
used to obtain the peer to peer (P2P) propagation parameters, this is the link between nodes. 
However, the deployment of this WSN, not only involves peer to peer communication links but 
also master-slave paths will exist between the coordinator and the motes and routers. Thus, an 
extensive measurement campaign has been designed and carried out to determine the effect of 
the mature wet pine tree forest in the radio link quality in master slave scenarios. In particular, 
the objective of this campaign was to obtain the same parameters P0 and n of equation 4.1, but 
for the new configuration. The knowledge of these parameters is necessary for planning the 




deployment of the ZigBee network in the selected pine tree forest. 
8.1.1 Environment under study 
These measurements were carried out in the pine tree forest described in 3.1.1.1. The 
environment under study is shown in figure 3.2, where the building and tower within the forest 
constitute a Groupe Special Mobile (GSM)/ Universal Mobile Telecommunications System (UMTS) 
base station. This station has been used to get power supply for the transmitter during the 
propagation measurements and, for the network coordinator, in the network deployment 
experiments. In the future it would be also used to send the data gathered by the sensor network 
to a remote center. 
Measurements were performed on summer and the time period was between 10 AM to 7 PM. 
The selection of this time schedule does not appear to get any influence in the measurement 
campaigns due to the stable conditions in terms of moisture and temperature that our Atlantic 
climate usually presents. 
 
8.1.2 Measurement equipment and 
setup 
The measurement equipment used in the present campaign consisted of separated radio 
transmitter and receiver topology. Two different configurations were considered: 
The first scenario tries to emulate the radio link between the coordinator of the ZigBee Network 
and its sons (routers and end-devices). This first scenario was named “master-slave”. The 
transmission segment was based on the Signal Generator presented in 3.2.2.1, which fed the 
antenna EM6865 via a low-loss coaxial cable. The transmitter was placed at a height of 3.5m in a 
fixed location of the base station enclosure. The frequency of the transmitted tone was 2.4 GHz 
and its power was +18 dBm.  
The second scenario imitates the radio link between routers, and between routers and end-
devices, in a “peer to peer” scheme. The transmission system used in this measurement 
campaigns is the one presented in 3.2.2. 
The reception system (the same for both configurations) has been previously presented in 
section 3.2.3. 
In the peer to peer scenario, both, the receiver and the transmitter were located at 1.5 meter 
high from the floor. This height was chosen because when a high number of devices need to be 
deployed, it appears to be quite important the facility to do it. This height is probably not the best 
choice if we are looking for the finest propagation conditions, because of the effects of the ground 
surface, but it is necessary a compromise between propagation conditions and deployment 
easiness. 
8.1.3 Measurement procedure 
The master-slave measurements were made according to the procedure described in 3.3.2. 
Thus, the first step includes the definition of the measurement radials. Therefore, three radials 
have been defined for the master-slave scenario. The geometry and distribution of these radials 
is shown in figure 8.1. The solid black circle represents the transmitter location, and the 
circumferences depict the trees along the radials included in the study. The radii of these 




circumferences are proportional to the actual radius of each tree trunk. The position of other trees 
off the radials is not shown. The squared grey block represents the GSM/UMTS Base Station. 
The azimuth and distance to the transmitter and radius were collected for each pine tree. The 




Figure 8.1. Geometry of the three radials in master-slave scenario. 
 
Some characteristics of this master-slave scenario are summarized in Table 8.1. “Number of 
trees” is the total number of trees considered for the study in each radial. 
 
Table 8.1 Properties defining master-slave scenario 
Radial R1 R2 R3 
Number of trees 18 48 23 
Mean tree radius [cm] 13.9 15.3 18.7 
Mean tree azimuth 
referred to north [º]  
104 68 355 
 
The second step in the master-slave measurement procedure was to place the transmitter in an 
appropriate position. Figure 8.2 shows the transmitter system, with the antenna location 
surrounded by a red circle. 
Once these steps were carried out, the measurement campaign starts as described in section 
3.3.2 along the radials represented in figure 8.1. 
 

























Figure 8.2 Transmitter location detail 
 
8.2 Measurement results and 
analysis 
A large amount of data was gathered during the master slave measurement campaign. 
Measurements were collected around more than 80 trees. Up to 1204 power samples were 
recorded and analyzed for each tree. In total, more than 100 thousand samples were recorded.  
Two distinct effects have been identified out of the analysis of the measured data: power 
variation versus distance between transmitter and receiver, which can be modeled by means of a 
log-distance regression, and the influence of the receiver tree trunk in the received power 
(depending if receiver is located in front of or behind the tree trunk), which can be observed by 
comparing the received power at 0º, 90º and 270º versus the power measured at 180º. 
As for the previous presented measurement campaigns, all the data offered in the following 
sections have been referenced to a virtual transmitted power of 0 dBm. Moreover, it has been 
included in these data the correction of cable attenuation and antenna gains used in this 








Table 8.2 Attenuation values for the master slave scenario 
Scenario Master-slave 
Transmitter cable 2.00 
Receiver cable 0.21 
 
8.2.1 Master-slave scenario 
As it was explained before, this first scenario emulates the communication between the ZigBee 
coordinator and routers or end-devices directly linked. This scenario is made up of three radials 
which distribution is represented in figure 8.1. The power variation with the distance shows how 
the received power falls down as we move away from the transmitter. This study provides the first 
coverage limits of the wireless sensor network for a given signal to noise ratio. 
Parameters P0 and n from equation 4.3 have been obtained for each one of the three radials at 
this first scenario. Although they have been computed separately for each reception angle around 
the receiver tree trunk, they have been jointed and summarized depending on the receiver 
configuration: LoS angles, which includes data from rx at 0º, 90º and 270º, or 180º angle.  
The objective of this first study is to get a general propagation expression for the master-slave 
scenario. The general propagation parameters for master-slave scenario are presented in table 
8.3 
 







LoS -25.9 3.43 6.04 
180º -47.2 2.56 4.61 
 
Then, two general equations could be written for the propagation in Scenario I: one for the 
receiver located in LoS angles (8.1), and another one for the 180º angle (8.2). 
 
P(dBm) = - 25.9 - 34.3·log(d(m)) (8.1) 
P(dBm) = - 47.2 - 25.6·log(d(m)) (8.2) 
 
From equations (8.1) and (8.2) the coverage distance can be estimated if P, the received power 
is known. P is calculated from the required SNR and the noise power necessary to obtain a 
predefined Bit Error Rate (BER) or Packet Error Rate (PER): 
 Noise power: it has been assumed that the noise power in the 5MHz bandwidth ZigBee 
channel is -85 dBm. This is the value measured using a Rohde-Schwarz FSH-6 portable 
spectrum analyzer at a central frequency of 2.4 GHz (Rohde & Schwarz, 2007). Other values 
would have to be used if network devices with different noise factor are used. 
 SNR: The average frame length for IEEE 802.15.4 is 22 bytes (802.15.4-2006, 2006). If a PER 
of 2% is desired, a BER<1.14·10-4 would be need. According to figure 8.3 the required Sound 
to Noise Ratio (SNR) would be approximately 0 dB.  
 






Figure 8.3 SNR vs. BER for IEEE 802.15.4 (802.15.4-2006, 2006) 
 
The SNR versus distance between transmitter and receiver for master slave scenario is depicted 
in figure 8.4 for both receiver configurations. 
 
Figure 8.4 SNR vs. distance to transmitter for a ZigBee device in master-slave scenario 
 
Radius is between 50-55 m when the receiver is located at LoS angles, and around 30 m when 
the receiver is behind the receiver tree trunk. 
The estimated range of coverage (Figure 8.4) is lower than the one from (Liechty, Reifsnider, & 
Durgin, 2007), where for LoS situation the path loss exponent is 2.6. This value provides a range 




of coverage of around 150 m. However, that value for the path loss exponent does not appear to 
be estimated for a master-slave scenario. Furthermore that value (n=2.6) was obtained from Wi-
Fi measurements, where the channel bandwidth is 22 MHz, and the deployed network is based 
on ZigBee technology with a channel bandwidth of 5 MHz. This large difference in LoS situation 
could be caused because of the differences on the heights of transmitter and receiver, the 
different antenna model, or even because of the small differences in the propagation models that 
have been applied. Anyway the OLoS path loss exponent values are very similar in both cases, and 
this seems to be caused due to in OLoS conditions the propagation channel is less affected by the 
antenna model, the heights of transmitter and receiver, etc. Both results are shown in figure 8.5.  
 
 
Figure 8.5. Comparison between estimated data and data from (Liechty, Reifsnider, & 
Durgin, 2007) 
 
8.2.2 Peer to peer scenario 
This second scenario emulates the communication between ZigBee routers and between 
routers and end-devices, all fitted on its respective tree trunk. The peer to peer scenario has been 
analyzed in section 4.2.1.1, and table 8.4 depicts a summary of the propagation parameters 
estimated at 2.4 GHz. Furthermore, figure 8.6 depicts these four propagation regressions, along 
with the SNR limit of 0dB. 

















Rx LoS -39.5 2.89 2.33 -47.9 2.69 2.12 
Rx 180º -49.5 2.80 3.88 -68.0 2.37 4.76 
 





Figure 8.6 SNR vs. distance to transmitter for a ZigBee device in P2P scenario 
 
8.2.3 Results summary 
Table 8.5 shows the mean range of coverage for each one of the situations that have been 
previously studied. Values presented as “Master-slave scenario”, corresponds with the interface 
between the coordinator of the ZigBee network (C) and a router (R) or an end-device (ED). Data 
presented as “Peer to peer scenario” are from the interface between any router and an end-device 
or another router. These data have been obtained with the aid of figures 8.4 and 8.6. 










Front 50/55 30 
Peer to 
peer 
Front 40 18 
Back 24 5 
 
8.3 Analysis and deployment 
of a wireless sensor network 
in a forest 
One of the most important restrictions in ZigBee technology is the maximum depth of the 
network. The maximum value of 5 for this parameter means that the maximum number of routers 
along any path between an end-device and the coordinator is four. As this number is so low, and 
the larger coverage is looked for, more distance between each router is intended to be reached 
using high gain external antennas. As a general rule, a device always tries to connect to the 




network through the router (or the coordinator directly) which is at minor number of hops to the 
coordinator.  
A ZigBee network has been deployed to check the values obtained in the previous sections. This 
wireless network has been developed with devices based on CC2430 chip. Coordinator, routers 
and end-devices have been designed in the same way. The only difference is that the design of 
the coordinator and router includes an external SMA-connector, to allow the connection of an 
external high gain antenna.   
The CC2430 is a System on Chip solution that combines the performance of the CC2420 RF 
transceiver with an enhanced 8051 Master Control Unit (MCU) (TexasInstruments, CC2430 
Datasheet (rev. 2.1),, 2007). Furthermore, end-devices are equipped with an external temperature 
sensor and a light sensor. 
Data from table 8.5 suggest that too many devices are going to be required to cover a small 
area, mainly when the devices are at 180º position. Omnidirectional antennas with gain larger 
than 0 dBi were connected to routers and the coordinator trying to improve the coverage. 
Therefore, type, Equivalent Isotropically Radiated Power (EIRP) and vertical beamwidth of each 
antenna are shown in table 8.6. 
 
Table 8.6 Characteristics of the Antennas Used 
Device Type Model EIRP 
3 dB Vertical  
beamwidth  
Coordinator Dipole WAI-100B 10 dBm 30º 
Router Dipole DWL50AT 5 dBm 60º 
End-device Integrated Inverted F 0 dBm - 
 
The use of these high gain antennas should increase the cost per device because of the high 
cost of both the SMA connector and the antennas. Due to this increment in cost per device, only 
the coordinator and routers will carry on these antennas. End-devices will install an integrated 
antenna with a gain of 0 dBi. 
Then, if routers and coordinator antennas are well pointed (according to radiation patterns) the 
improvement in the links could be, for instance: 
 --Up to 15 dB in the interface involving the coordinator and any router, (C-R). 
 --Up to 10 dB in the interface between routers. (R-R). 
Figures 8.4 and 8.6 could help to determine the new radius of coverage for each scenario and 
interface. These data, which include the antenna gains, is shown in table 8.7. An error margin of 
3 dB would be considered for each router or coordinator antenna (3 dB beamwidth) associated to 
their orientation. The mean range corresponding to the mean power plus the antennas gain are 
given in table 8.7. 
 
 










Coverage range (m) 
Rx LoS Rx 180º 
Mean Mean 
I-LoS 
C-R 9 95 65 
C-ED 7 85 55 
II-Tx Front 
R-R 4 52 25 
R-ED 2 45 22 
II-Tx Back 
R-R 4 34 8 
R-ED 2 28 6 
 
With the aid of data in figure 8.1, and the new estimated radius of coverage, the wireless sensor 
network can be deployed within the forest. The mean range coverage value will be considered for 
each interface to deploy the network. Like this, if the actual received power is lower than this 
mean, due to the estimation error, we can offset it with the antenna gains.  
The diagram of the deployment that has been carried out is shown in figure 8.7. The coordinator 
of the network is located near the base station, and it is represented by a red square. Routers (Ri) 
are presented as blue crosses and the circles are the end-devices (EDi). Routers and end-devices 
were located on the surface of the tree trunks. White lines represent the link between one device 
and its father.  
 
Figure 8.7 Network diagram 
 




The image of a router and an end-device, both added to a tree trunk, are shown, respectively, 
in figure 8.8 (a) and (b). According to characteristics from the Table 6, the router has an external 




Figure 8.8 Detail of an installed router (a) and an end-device (b). 
 
8.3.1 Network performance 
End-devices are going to be polled for their sensor values (temperature and light) every 30 
seconds in order to check the correct operation of the network. Furthermore, in the same report 
they will include the parameter LQI (Link Quality Indicator) of the link established with their father, 
following router towards coordinator: 0 is the lowest value for the LQI (worst link quality), and 
255 is the highest. This indicator gives us the link quality based on RSSI and PER measurements. 
As the routers do not execute any sensor function, they only send a report every minute. This 
report includes the LQI of the link with its father. 
 
8.3.2 Results 
Once the network was deployed, it was collecting data for 18 hours. The father of each device, 
the mean estimated range in meters for each link, and the measured path length are indicated in 
table 8.8. Last column shows the average Link Quality Indicator for each link.  
All values presented in this table for path length are below mean ranges estimated for LoS 
locations. The only link that exceeds the mean estimation is that established between router 2 
and end-device 3. But the mean LQI for this link (2) is very close to the lowest value (0), so it is 
near the limit. 
The link involving R4 and the coordinator has the minimum LQI value, with only 43 meters of 
path length. This appears to be caused by a wrong orientation of the router antenna. 




In general, if the measured path length is close or below the mean estimated range for 180º 
receiver location, the mean LQI value is quite high, which confirm the validity of the previous 
calculations. 











R1 R2 52 25 41 7.33 
R2 Coord. 95 65 90 5.50 
R3 Coord. 95 65 52 26.7 
R4 Coord. 95 65 43 0 
ED1 R1 45 22 22.5 4.35 
ED2 R1 45 22 34 15.6 
ED3 R2 45 22 48 2.00 
ED4 R2 45 22 23 14.0 
ED5 R4\R2 45 22 35\34 4.28 
ED6 R4 45 22 15 75.0 
ED7 R4 45 22 26 42.0 
ED8 R4 45 22 23.5 4.79 
ED9 Coord. 85 55 1.5 64.0 
 
8.3.3 Recommendations for future 
deployments 
After the tests carried out during the test network deployment, the following recommendations for 
future deployments can be presented: 
 The coordinator should be in a clear zone, with the major line of sight to all the area to be covered. 
Thus, the range coverage will be the larger possible. Furthermore, the height of the coordinator should 
be similar to the rest of the devices. Thus, its elevation radiation pattern appears to be optimally used 
to get the major range coverage.  
 Routers should be located always in line of sight with the following one and the predecessor. That is, 
the tree stem in which the routers are located should not be blocking the line of sight to those devices 
which the router links. 
 End-devices should be located according to the mean range of coverage estimated in table 8.7. When 
installing the end-devices, care should be taken in assuring the LoS condition, because large differences 
have been detected between LoS and OLoS links, and the performance of the connection could be 
degraded. An approximation of the range of coverage of the link between a router and an end-device 
is represented in figure 8.9. It has been considered the 180 degrees from the front side as LoS, and the 
others 180 degrees as 180º data. In this image, the brown circle represents the tree trunk, and the blue 
cross depicts the location of the router. Distance values of this figure come from the mean values of 
table 8.7. 
 The terrain slope appears to have meaningfully influence in the received power. It should be taken into 
account when planning the wireless network. 
 Rain events might affect links between the elements of the WSN, but due to the short distances 
between them (usually < 150 meters) this effect is almost negligible (usually < 0.0013 dB according to 
(ITU, 2005)) 





Figure 8.9. Approximation of a router range coverage 
 
8.3.4 Estimation of the number of 
routers needed depending on the 
area to be covered. 
Based on estimated data from tables 8.7 to 8.9, the maximum path depth of 5, the 
recommendations from section 8.3.3 and figure 8.9, an estimation of the number of routers that 
would be necessary to cover any area could be made. As an example, it has been selected an area 
of 30,000 m2, near University of Vigo.  
The yellow polygon from Figure 8.10 delimits the area to be covered. In this figure only routers 
(crosses) and the coordinator (square) are showed. The coverage areas of routers are represented 
as semi-transparent surfaces with the shape drawn in figure 8.9. 
The coordinator has two estimated coverage areas: 
 --The smallest one limits the places where an end-device will be able to connect directly to the 
coordinator (radius 55m). 
 --The biggest one represents the limit for routers (radius 65m). 
Both areas are presented as red circles. 





Figure 8.10 Estimation of the number of routers to cover an area of 30,000 m2 
 
End-devices could be located in any point of the area printed in blue or red. These values (180º 
from table 8.7) are going to be used because these first links are the most important of the 
network. If one of this links falls down, all devices depending on it will fall down too. 
Solid white lines represent the main path between each router and the coordinator. Dashed 
ones indicate possible alternative routes for the packets when the main route falls down. (This 
feature is not implemented yet by the devices used in this study.) 
Finally, as shown in Figure 8.10, up to ten routers and a coordinator are needed to cover this 
pine forest. That is, one router per each 3,000 m2 approximately. 
 
8.4 Conclusion 
An extensive power measurement campaign has been carried out along the pine tree scenario 
in order to get the propagation parameters for master-slave conditions. A general propagation 
model has been computed for the peer to peer scenario and for the master to slave one. Initial 




ranges of coverage have been estimated and some improvements for ZigBee devices have been 
proposed in order to extend these ranges. 
An actual ZigBee network has been deployed and the proposed improvements were checked. 
Some recommendations have been planned in order to reach the best performance in wireless 
networks deployed in forests. A direct application of such a network would be the fire monitoring, 
as most of the commercial ZigBee nodes are equipped with temperature measurements: just 
tracking the temperatures registered at each location it could be found the forest fire in early 
stages, and then the fire fighting could be managed. 
Finally, the mean number of ZigBee routers necessary to cover an area has been computed, 
obtaining one router per each 3,000 square meter, which depending on the costs evolution could 






































This last chapter presents the conclusions of this PhD Thesis, divided according to the memory 
structure. In the first fragment, the deductions from the analysis of the propagation in vegetation 
media are presented, along with the publication of the contributions related to this topic. The 
second part of this chapter includes the conclusions regarding applications of WSN in rural and 
forestry, as well as the corresponding publications.  
 
9.1 Propagation in Vegetation 
Media 
 
The main aim of this research is the analysis of the radio channel under peer to peer conditions. 
Up to six different environments have been analyzed in order to achieve this aim. Four of these 
environments are wooded and two of them are meadows. Regarding wooded areas, two 
environments have been chosen to evaluate the influence of the tree trunks in the attenuation of 
the radio signal. Eucalyptus and pine tree forests seem to be physically very similar environments 
at low height elevations. However, results provided in section 4.2.1.1.2 for the pine tree 
environment show attenuation factors similar for the three frequency bands, and, in general, 
values are larger than for the eucalyptus forest (section 4.2.1.2.2). This could be caused by the 
different amount of water present in these two specimen trunks.  
Regarding short term results in these two wooded environments, signal spreading for the pine 
tree forest appears to be larger than that obtained for the eucalyptus forest for the three 




frequency bands. So, not only the long term signal attenuation is larger for the pine tree 
environment, but also the signal spreading with distance is too. 
As far as the other two forested environments are concern, the goal was to evaluate the effect 
of the foliage by comparing the same deciduous environment and measurement points in two 
different seasons, summer and winter. Long term variation results conclude that the power decay 
factor (n) is larger in summer conditions than in winter at 2.4 and 5.8 GHz. However, 3.5 GHz 
results appear to be quite similar for both seasons, which means that foliage appears to have small 
effects in this frequency band. Due to the mean leaf size (9.6 cm), which is very close to the 
wavelength at 3.5 GHz (8.6 cm), the main attenuation induced by the leaves seems to be caused 
by diffraction phenomena. As depicted in table 9.1, which is just a summary of tables 4.21 and 
4.25 for the transmitter front and receiver LoS configuration, 3.5 GHz band presents an 
attenuation factor “n” very similar (only 10% different) from summer to winter conditions, and 
the reference power is only 5 dB larger in winter conditions. However, on the one hand, 2.4 and 
5.8 GHz results show a reference power 15 dB larger in summer than in winter. That appears to 
indicate that foliage contributes constructively to the signal propagation in the initial stage of the 
propagation path. On the other hand, the attenuation factors are 43% and 50% larger under 





Winter Summer Winter Summer 
2.4 1.85 2.78 -53.6 -38.8 
3.5 2.77 2.45 -34.8 -39.8 
5.8 2.56 3.66 -46.9 -32.1 
Table 9.1 Summer vs winter oak tree forest long-term comparison 
 
Regarding short term analysis in this these two scenarios, table 9.2 recapitulates Q95% 
regression parameters obtained for both seasons. Thus, the slope parameter “a”, which 
represents how the signal spreading increases with distance between transmitter and receiver, is 
almost 10 times larger in summer than in winter for the 2.4 GHz band. Furthermore, 5.8 GHz data 
shows an increment on this slope about 140 % under summer conditions. However, 3.5 GHz 
outcomes show an increment of only 46%, which matches the long term results, and justifies the 




Winter Summer Winter Summer 
2.4 0.00183 0.0196 0.549 0.386 
3.5 0.00484 0.00710 0.597 0.442 
5.8 0.0289 0.0693 2.30 0.937 
Table 9.2 Summer vs winter oak tree forest short-term comparison 
 
As far as meadow results, propagation is very different for both considered environments: 
grasslands and scrublands. As depicted in table 9.3, grassland behavior seems to be quite similar 
to free space, in fact, attenuation factor is even lower than 2 at 3.5 and 5.8 GHz. These could be 
caused, for instance, by a constructive interference between the direct ray and the ground 
reflected component. However, scrubland results shows a double linear regression fitting: the 




attenuation factor changes dramatically after a few meters from the transmitter. In addition to 
this, in scrubland environment, attenuation factor increases as frequency does. 
Freq 
[GHz] 
n1(/n2) P01(/P02) [dBm] 
Grass Scrub Grass Scrub 
2.4 2.03/3.45 1.88/4.93 -47.6/-20.1 -50.3/-18.6 
3.5 1.90 2.05/5.67 -47.5 -45.7/-4.27 
5.8 1.98 2.27/7.10 -51.4 -52.0/8.86 
Table 9.3 Grassland vs scrubland long-term comparison 1.6 m antenna height 
 
Table 9.4 summarizes Q95% short-term results for meadow environments. Therefore, the 
signal spreading factor “a” is double in scrubland than for grassland at 2.4 GHz. Furthermore, this 






Grass Scrub Grass Scrub 
2.4 0.0291 0.0616 0.458 2.96 
3.5 0.00227 0.152 1.37 1.13 
5.8 0.00893 0.0217 0.987 2.73 
Table 9.4 Grassland vs scrubland short-term comparison 1.6 m antenna height 
 
Some result comparisons were performed in section 4.3, by using various existing models. The 
general conclusion is that actual models seem not to fit quite well the data presented in these PhD 
Thesis. This may be caused by the different propagation path between transmitter and receiver, 
which is typically understood as a master-slave communication scenario. However, our analysis is 
centered on the peer to peer conditions, which have demonstrated to be quite special. 
The main contributions of this section are: 
1- Path-loss attenuation measurements and characterization under peer to peer conditions 
for six different vegetated environments.  
2- Mathematical adjustments to modeling the radio wave propagation within forests and 
meadows as a function of distance and frequency.  
3- Definition of the Weibull distribution as the best CDF that fits all the gathered data in these 
vegetated environments. Furthermore, the evolution of both shape (𝜆) and scale (k) 
parameters with distance has been obtained as a PhD contribution. 
4- Since there are about 15% of sample points that do not fit a Weibull distribution, an 
alternative short-term analysis for the evaluation of how the signal spreading varies with 
distance has been performed. The definition of Q95% and Q50% percentile ranges and how 
their value increase as the distance between transmitter and receiver does, is another of 
the main contributions. 
These key contributions are supported by one publication in a research journal and several 
publications in international conferences and. They are detailed in the following sections. 
 
 




9.1.1 Journal papers 
 
Authors J. A. Gay-Fernández, I. Cuiñas 
Title Peer To Peer Wireless Propagation Measurements And Path-Loss 
Modeling In Vegetation Media 
Journal IEEE Transactions on Antennas and Propagation Vol pp 
  Date 06-2013 
Contributions 
This paper contains all the long and short term results presented in this PhD Thesis, except the 
CDF analysis. It was accepted for publication in December 2012, and it is going to be published 
in issue 99 in June 2013. 
9.1.2 International conference 
papers 
 
Authors J.A. Gay-Fernández, I. Cuiñas and I. Expósito 
Title Short Term Propagation Analysis in a Deciduous Tree Forest 
Type of participation Oral presentation 
Conference European Conference on Antennas and Propagation 2013 
City Göteborg, Sweden Date 08-12, April 2013 
Contributions 
This was the first conference paper related to the short term analysis in vegetation media under 
peer to peer conditions. 
 
 
Authors J.A. Gay-Fernández, I. Cuiñas 
Title Peer to peer propagation in vegetation media for wireless 
sensor networks 
Type of participation Oral presentation 
Conference 2012 IEEE Antennas and Propagation Society International 
Symposium (APSURSI) 
City Chicago, Illinois, USA Date 8-14, July 2012 
Contributions 
This was the first conference paper including the whole long term analysis in vegetation media 
under peer to peer conditions. This paper contains all the path-loss measurements in the six 
environments presented in this PhD Thesis. 
 
 
Authors J.A. Gay Fernandez, I. Cuiñas, M. García Sánchez 
Title Radioelectric propagation in a deciduous tree forest at 
wireless networks frequency bands 
Type of participation Oral presentation 
Conference European Conference on Antennas and Propagation 2011 
City Rome, Italy Date 11-15, April 2011 
Contributions 
This paper includes long-term results for the three frequency bands presented in this PhD Thesis 
for the oak tree forest under summer and winter conditions. 
 





Authors J. A. Gay-Fernández, I. Cuiñas, and P. Gómez 
Title A Comparison on the Radioelectric Propagation along 
Grasslands and Scrublands at Wireless Frequency Bands 
Type of participation Oral presentation 
Conference Progress In Electromagnetics Research Symposium 
City Marrakesh, Morocco Date 20-23, March 2011 
Contributions 
This paper includes long-term results for the three frequency bands presented in this PhD Thesis 




Authors I. Cuinas, J.A. Gay-Fernandez, A.V. Alejos, M.G Sánchez 
Title A comparison of radioelectric propagation in mature forests 
at wireless network frequency bands 
Type of participation Oral presentation 
Conference Antennas and Propagation (EuCAP), 2010 
City Barcelona, Spain Date April 2010 
Contributions 
This paper includes long-term results at 2.4 and 5.8 GHz for the oak tree forest under summer 
conditions and for the eucalyptus tree forest. 
 
 
Authors I. Cuiñas, J.A. Gay-Fernández, P. Gómez, A.V. Alejos, and 
M.G. Sánchez 
Title Radioelectric Propagation in Mature Wet Forests at 5.8 
GHz 
Type of participation Oral presentation 
Conference 2009 IEEE AP-S International Symposium on Antennas and 
Propagation and 2009 USNC/URSI National Radio Science 
Meeting 
City Charleston-South Carolina Date June 2009 
Contributions 
This was the first international conference paper presented for this PhD Thesis. This paper 




9.2 Applications of Wireless 
Sensor Networks in Rural and 
Forestry Environments 
 
Different applications have been presented along section II involving data and outcomes from 
section I.  




First of all, a model for the propagation channel of the links among elements of a wireless 
sensor network has been developed. This propagation model has been used for planning an actual 
installation in a vineyard close to Ribadavia, in Galicia. The Eko technology, from Memsic, has been 
selected for this deployment. Up to 6 eko nodes were set up into the vineyard, to cover an area 
of approximately 6 km2.  
With the aid of these sensor data, vineyard owners could, for instance, predict the appearance 
of a plague in their terrains or optimize the terrain irrigation. Furthermore, the time between 
chemical treatments applications in the vineyard could be extended, based on the plague 
prediction algorithms and indexes.  
The experience in deploying such a WSN had a return of investment in terms of learned lessons 
on some good practices. Thus, we could recommend the installation of the base station in an open 
and clear area, with line of sight to the nodes and placing the antenna as high as possible. The 
nodes should be placed looking for maintain line of sight conditions among the larger number of 
neighbors as possible, and respecting the maximum coverage ranges computed by the proposed 
propagation model. 
Secondly, a proposal to use ZigBee technology to help farmers in extensive cow exploitations 
has been presented in chapter 7. The idea is the use of an electronic cowbell; this means, a node 
on each cow within a forest to provide tracking of location and health constants. 
Some test results show that the mean error when locating the animal appears to be acceptable 
(below 3 m indoor and 5 meters outdoor), and the path has been tracked with a quite good 
performance. The required number of motes per area unit has been computed, based on 
outcomes from section I. The translation from number of motes per area unit into effective cost 
has been also estimated, and the final cost seems to be affordable, compared to the benefits of 
free-running cow meat. 
Finally, in chapter 8 the deployment of an actual ZigBee network in a forest is described. 
Furthermore, some recommendations have been planned in order to reach the best performance 
in wireless networks deployed in forests. A direct application of such a network would be the fire 
monitoring, as most of the commercial ZigBee nodes are equipped with temperature sensors: just 
tracking the temperatures registered at each location it could be found the forest fire in early 
stages, and then the firefighting could be managed. 
Finally, the mean number of ZigBee routers necessary to cover an area has been computed, 
obtaining one router per each 3,000 square meter. 
The main contributions of this second section are: 
1- Deployment of a WSN in a vineyard, with the aid of the outcomes from section I. Path loss 
measurements have been used to estimate the maximum distance between nodes, and 
then, these values have been checked with the aid of WSN RSSI measurements. Thus, 
equations defining the maximum distances between WSN nodes in vineyards are one of 
contributions of this section II. 




2- The validation of an electronic cowbell with the ability to measure vital parameters such as 
body temperature or environmental parameters, with the additional function of outdoor 
location and tracking is one of the main contributions of this section. Furthermore, the 
location algorithm has been improved by the adaptation of a Kalman filter for outdoor 
tracking. 
3- Finally, by using path-loss equations from section I, the maximum distance between WSN 
nodes in a forest has been obtained. As a final contribution, chapter 8 includes some 
recommendations for future WSN deployments, regarding the location of the network 
coordinator, and the best positions for the nodes when installing them on the tree trunks. 
These key contributions are supported by several publications in international conferences, 
various publications in research journals and two book chapters. They are described in detail in 
the following subsections. 
 
9.2.1 International journal papers 
 
Authors I. Expósito, J. A. Gay-Fernández, I. Cuiñas 
Title A Complete Traceability System For Wine Supply Chain Using 
Radiofrequency Identification And Wireless Sensor Networks 
Journal IEEE Antennas and Propagation Magazine 
  Date Accepted for publication on January 2013 
Contributions 
This paper details the pilot experience performed in a winery by using RFID and WSN for trace 
all the supply chain, from the vineyard (grapes) to the supermarket (wine). The WSN has been 
installed according to equations from PhD section I. 
 
 
Authors J. A. Gay-Fernandez, I. Cuiñas, M. G. Sánchez, A. V. Alejos 
Title Radio Electric Validation of an Electronic Cowbell Based on ZigBee 
Technology 
Journal IEEE Antennas and Propagation Magazine, Vol 53, Pages 40-44 
  Date 08-2011 
Contributions 
This paper presents results from chapter 7, with the definition of an electronic cowbell, with 
various vital signal sensors installed on it, and the estimation of the cost per hectare to install 
the tracking system to work on rural environments, based on results from section I. 
 
 
Authors J. A. Gay-Fernandez, M. G. Sanchez, I. Cuinas, A. V. Alejos, J. G. Sanchez, 
J. L. Miranda-Sierra 
Title Propagation analysis and deployment of a wireless sensor network in a 
forest 
Journal Progress In Electromagnetics Research-PIER, Vol 106, Pages: 121-145 
  Date 15-07-2010 
Contributions 
This paper presents results from chapter 8, where, based on peer to peer measurements from 
section I, and adding some master-slave results, our first WSN deployment was installed in a 




forest, based on Texas Instruments technology. Some recommendations for future deployments 
are included in the paper and the estimation of the number of nodes necessary to cover a 
hectare is also incorporated. 
 
 
9.2.2 International conference 
papers 
 
Authors I. Cuiñas, S. Cervera, J.A. Gay-Fernández 
Title Benefits of using wireless sensor networks to predict plagues in 
vineyards 
Type of participation Oral presentation 
Conference Progress In Electromagnetics Research Symposium 
City Stockholm, Sweden Date 12-15, August 2013 
Contributions 
This paper focuses in one of the first future research lines, which is the use of environmental 
sensor data to predict plagues in vineyards and other kind of plantation, and presents the 
benefits of using them. 
 
 
Authors I, Expósito, I. Cuiñas, J.A. Gay-Fernández 
Title Efficient traceability solutions in the wine production by RFID and 
WSN 
Type of participation Poster 
Conference European Conference on Antennas and Propagation 2013 
City Göteborg, Sweden Date 08-12, April 2013 
Contributions 
This poster depicts the whole traceability system installed in a winery, including a MEMSIC WSN 
and a RFID system. It describes the whole process, and how both systems improve the efficiency 
of the winery. 
 
 
Authors I. Cuiñas, I. Expósito, J.A. Gay-Fernández, A.V. Alejos and M.G. 
Sánchez 
Title From Farm to Fork: Traceability based on RFID. A Proposal for 
Complete Traceability in the Wine Sector 
Type of participation Oral presentation 
Conference International Conference on Wireless Information Networks and 
Systems 2012 WINSYS2012 
City Roma- Italy Date 24-27, July-2012 
Contributions 
Based on the outcomes of a pilot project, this paper focuses on the RFID technology, but it 











Authors L. Catarinucci, I. Cuiñas, I. Expósito, R. Colella, J.A. Gay-
Fernández, L. Tarricone  
Title RFID and WSNs for Traceability of Agricultural Goods from Farm 
to Fork: Electromagnetic and Deployment Aspects on Wine Test-
Cases 
Type of participation Oral presentation 
Conference 19th International Conference on Software Telecomunications 
and Computer Networks (SoftCom 2011) 
City Split-Croatia Date 15-17-09-2011 
Contributions 
This paper describes an overview of the application of WSN and RFID in winery traceability pilots 
both in Spain and Italy. The contribution has been written in collaboration with researchers of 
the University of Salento, Italy. 
 
Authors J.A. Gay-Fernandez and I. Cuiñas 
Title Deployment of a wireless sensor network in a vineyard 
Type of participation Oral presentation 
Conference International Conference on Wireless Information Networks and 
Systems 2011 WINSYS2011 
City Seville, Spain Date 18-21, July 2011 
Contributions 
This conference paper presents the experience on deploying a WSN in a vineyard, based on 
measurements presented in section I. 
 
 
Authors I. Cuinas, J.A. Gay-Fernandez, A.V. Alejos, M.G. Sánchez 
Title Design and Development of an Electronic Cowbell Based on 
ZigBee Technology 
Type of participation Oral presentation 
Conference Progress In Electromagnetics Research Symposium 
City Marrakesh, Morocco Date 20-23, March 2011 
Contributions 
This conference paper set the basis for the Antennas and Propagation Magazine paper presented 
in section 9.2.2. 
 
9.2.3 National journal papers 
 
Authors J. A. Gay-Fernandez, I. Lobón, I. Cuiñas 
Title Redes inalámbricas de sensores para el seguimiento del 
estado de la vegetación y la detección temprana de 
incendios forestales 
Journal Spanish Journal of Rural Development, Vol II-(Special 3) 
Pages: 111-120 
  Date 2011 
Contributions 
This article presents a comparison of two forest fire early detection systems based on Texas 
Instruments technology and MEMSIC technology. Both systems have been compared in terms of 
performance and cost per hectare. 




9.2.4 National conference papers 
 
Authors I. Cuiñas, I. Expósito, J.A. Gay-Fernández 
Title The “RFID from Farm to Fork” project proposal for food industry 
traceability: A wine pilot example 
Type of participation Oral presentation 
Conference Avances en la investigación de la tecnología RFID y sus 
aplicaciones 
City Tarragona-Spain Date 9-10, November 2011 
Contributions 
This paper describes the application of WSN and RFID in a winery traceability pilot. The 
contribution has received the best article award at the conference. 
 
9.2.5 Chapters in books 
 
Authors A.V. Alejos, J.A. Gay Fernández, I. Cuiñas, M.G. Sanchez 
Title Real-Time Traceability with Sensing in RFID Applications: 
Design Issues (Chapter 9) 
Book Security and Trends in Wireless Identification and Sensing 
Platform Tags: Advancements in RFID 
DOI: 10.4018/978-1-4666-1990-6.ch009 Pages: 213-236 
ISBN 987-1-4666-1990-6 
Publisher IGI Global 
  Date July 2012 
Contributions 
This book chapter presents a traceability system based on RFID and WSN. Based on path-loss 
equations presented in section I for grasslands and scrublands, an extrapolation has been 
performed to determine the maximum distance between WSN nodes in a vineyard. A complete 
description of the deployed WSN is presented, and some environmental data is depicted as 
examples of the system performance. 
 
Authors J.A. Gay Fernández, I. Cuiñas 
Title Experience in deploying a wireless sensor network in a 
vineyard 
Book e-Business and Telecommunications. ICETE 2011 Revised 
Selected Papers (Eds. M.S.Obaidat, G.A. Tsihrintzis, J. 
Filipe) Communications in Computer and Information 
Series, vol. 314, pp. 464-476 
ISBN 978-3-642-35754-1 
Publisher Springer - Verlag 
  Date 2012 
Contributions 
This book chapter presents the experience in deploying a WSN in a vineyard, putting a special 
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